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Abstract

Bone MarrowNeutrophil Density Controls Myelopoiesis During Obesity

Quin T. Waterbury

Obesity is a state of chroni c, sterile, a
metabolic and endocrine functions. One hallmark of obes$pciatednflammation is a
increase in the frequency of myeloid cells in the circulations&heyeloid cellsaccumulaten
tissues such as the adipose tissue, whegd i sr upt the tisdadand@t® norm
metabolic changes such as insulin resistaeight lossis the main treatment for obesity, but
there is evidence that metabolic inflammation persists after weightllosone marrow (BM)
is the site of immune cell production aiscaltered in obesity to promote myeloid cell generation
and thee changes are refractory to weight ldsmugh the mechanisms driving thgsasistent
changes remain uncle&atere,we show thabbesitypromotes myelopoiesidy altering the density
of neutrophils in the BMEndotoxemia is developed during obesity @nomotesadipose 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 isot 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 tolerare In humans with obesity, plasma neutrophil chemokines are increased, correlate
with increased insulin resistance, but do not decrease with weight lesseresults demonstrate
that neutrophil recruitment is a key mediator of myelopoiesis during opasitiytargeting this

pathway is a potential strategy to improve inflammation during obesity and weight loss.
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Chapter 1: Background and Introduction



1.1 Obesityasan Inflammatory Disease

Obesitydefined by the World Health Organization (WHQO) as abnormal or excessive fat
accumulation. Obesitig one of the most prevalent diseases globally, and the population of both
children and adults with obesity has continuously risen over the past dehiwmyans with
obesity haveeduced life expectancy and increased risk of conditions such as type 2 diabetes
mellitus, cardiovascular disease, and some types of calibée 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 itsedfther than just a risk factor for other diseasHsus,
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 staldleo d y wei ght over time, due to the
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 organpgtartici
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 necessamgtfons.

The bodydés ability to balance energy gener
reducing food intake tattemptweight loss leads to a cascade of respotisggeduce overall
energy expenditure and increase hurayar time Many of these changes are leinged and

persist through changes to body weight, which makes sustained weight loss Hifficult



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. &ipkinsthe longheld sentiment that
obesity was simply a consequence of eating too much for too long (and gave rise to the moniker
obesity, which | overeabfeorm Latin) We naw kndwahiatéhss is tvidelyfi t o
untrue, and instead obesity arises from complex interactions between biological, behavioral,
sociocultural, environmental, and econorféctorsthat lead to an energy imbalahce

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 resultingxcessadiposity. As the AT grows beyond the normal size, it
accumulates an array of metabolic, inflammatory, endocrine, and mechanical ehahgss
changes negati vel y peafdrm its tubctiohsragmetabbl@ and andacring t y t o
organ. For example, the AT normally acts as a store for excess lipids and tightly regulates their
release into the circulation. During obesity,
into the circulation indiscriminal, which contributes to systemic dyslipidenaiad the risk of
cardiovascular disedse

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 atteraptangeto
how exactly obesity leads to a decline in function of metabolic tisanélsour understanding is
still developing. However, one common denominator has arisen time and time again as a driver

of the pathology of obesity: inflammation



1.12 Hallmarks of obesity-associated inflammation
One of the hallmarks of obesity is metabolic dysfunctidthough altered glucose metabolism
wasf i rst observed in human patients with obesif
connecting excess weightadterations in metaboliswnly began to be uncovered decadesiater
Now, chronic, lowgrade inflammation is regarded as a hallmark of obesity and thought to
contribute to the development of comorbidifieeluding metabolic dysfunctidn
Inflammation refers to theegulatedsequence of events mediated by the immune system
to maintain tissubomeostasisThis 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 respcdhdeflammation 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 tisswmce the insult has been clear€tronic 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.tidheonic inflammation is
often associated with a disease state, and may never be resolved without external intervention.
Obesityassociated inflammation ehronic,complex and affects many different organs.
Onewell-appreciatecspect of obesitassociated inflammation is tivecreagd abundance of
inflammatory cytokines and acuphase proteins in the circulatidi® Specifically, the
chemokines tumor necrosis factor alpha (F&Finterleukin 6 (1L-6), and Creactive protein
(CRP) are consistently elevated in patients with obgsityle anttinflammatory mediators such
as adiponectin are redudéé® These proinflammatory cytokines are mainly derived from the

AT, and besides contributing to localized AT inflammatialso drive systemic responsts



Chronic elevations in inflammatory medi ator s
increased production of white blood cells from the bone maprdmline with this, the
frequency of immune cells is markedly increased in the blood of patients with éb¥sity
Immune cells of the myeloid lineage are particularly increased in the circulation in patients with
obesity,and this isassociated with increased infiltration of myeloid cells into peripheral tissues
such as the adipose, liver, and mu$de In laterstage obesity, these tissues lose normal
function and may become fatty and fibréticTogether, these inflammatory proceswesrfere
with the metabolic and endocrine functions of the body, promoting the development of
comorbiditiesassociated 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 gramegative bacteria, are consistently elesdatehumans and mice with
obesity¥?. The mechanisms driving endotoxemia during obesityatdully known There are
several studiesuggesting that exposure to a meal thatgh in dietary fat promotes the
translocation of bacterial products from commensal microbes that reside in the gut lumen into the
bloodstreamin human and mouse experiméfts. This is supported by studies showing that
HFD feeding lowers the expression of tight junction proteins in the gut epithelium in mice and
ratg42’. 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 (ATMspapulation of immune cells that reside in the AT,



express the tollike receptor 4 (TLR4), which recognizes LPS. Whotgly deletion of TLR4

reduces AT inflammation and improves insulin sensitivity in obese mice, supporting the role of
endotoxirRATM crosstalk in promoting inflammation during obedftyHowever, 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 metalyisunctior?®. This finding is obscured by

arother report showing that antibiotitseemselves modulate metabolism, thus the improved

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

*Activated innate — :
immune system * Dyslipidemia
«Increased circulating « Tissue Fibrosis
lymphocytes
ymPosy » Increased risk of:
*Increased circulating

inflammatory cytokines | —> | *Type 2 diabetes

«Altered levels of «Cardiovascular disease

hormones and .
adipokines «Certain cancers

*Endotoxemia

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 chrorgralbevand

systemic inflammation that alters the normal homeostatic function of tissues.
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1.14 The connection between inflammation and metabolic dysregulation
While themetabolicconsequences of obesity were observed for a long time, only relatively
recently have we come to appreciateitifemmatory response induced by obe%itfhe first
link between obesity and inflammation arose from a study that found that adipocytes secrete
TNF-a, and obese adipocytes secrete higher 1&/dlkis study also reported that TNF
regulates the action of the insulin receptor, establishing a connection between inflammation and
metabolismThis was supported by a later study that found that mice lackingal&FTNF
receptors had improved insulin sensitivity when obegearther displaying the connection
between inflammation and metabolic regulatibater, it was found that TNE& 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 J\dnd the insulin receptor, several other
inflammatory cytokines and chemokines have been shown to also interfere with metabolic
processessuch as interleukit (IL-1), IL-6, and monocyte chemoattractant proteiMCP-1),
which all increase in abundance in ob€eSity

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 processéd-or exampleadiponectin is an adipokirthat promotes
insulin sensitivity and suppresses the expression of cytokines such es*Tgerum levels of
adiponectin are reduced during obesity, owing in part to AT inflammation inhibiting adiponectin
releasdrom adipocyte¥. The adiponectin pathway exemplifies how inflammation and
metabolism are coregulated, and thuslgeregulated 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



consequences. However, during obesity, much of the detrimental effects of inflammation and
metabolic dysregulation occur in metabolic tissues. WA hasbeen 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 dysfunttiercJun NH 2-terminal
kinase (JNK) pathway is one of the most watlidied connections between AT inflammation
and insulin resistance. JNK activity is increased in obese AT, and conditionally détetitig
adipocytes specifically protects the AT from insulin resistance in oBesityK activation
initiatesthe upregulation of several different proinflammatory cytokines in adipocytes, which
besides contributing to the localized inflammation of the tissue, also resultshitory
phosphorylation of IRQ. in the adipocyte itself, which inhibits insulin signafihgrhus, the
JNK pathway being upregulated by AT remodeling during obesity development represents a
direct connection between inflammation and metabolic dysregul&eweral other
proinflammatory signals are induced by AT remodeling and propagate insulin resistance.
Another central factor isutlear factor kappéght-chainenhancer of activated B cells (NdB).
NF-kB nuclear activity is upregulated during obesity, which results in increased expression of
inflammatory factors such as-b, IL-6, TNFa, interferorg (IFNg), and MCR14%, Inhibition of
the NFkB pathway and its targets improves insulin sensitivity in obese*mice

JNK and NFkB 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 inflammati@he r e gul at i on of the ATO
function leads to systemic metabolic effects, thus targeting AT inflammation appears to be a

promising strategy for improving obesitglated metabolic dysfunction.



1.1.5 Limitations to theproposed connection betweemflammation and metabolic

dysfunction

Despitethe numerous findings in animal models connecting systemic inflammation to metabolic
dysfunction, evidence in humans on this connection is ambiv&8epportive findings are

mostly correlative. For example, epigenetic markers ofitammatory ATM profiles are

reduced in patients with obesity that have lower AT inflammation and blood*sugjamilarly,
expression of andhflammatory genes in ATMs is associated with reduced BMI and blood

sugaf“. However, antinflammatory 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 hwitmssulin

resistance, TNF antagonism had no noticeable effebtomul suga®. In the same vein, HL

blockade in humans does not affect the development of insulin resistance, despite several studies
showing its efficacy in mid&. These findings highlight one of the biggest challenges of obesity
research that 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 understaidirgphysiological drivers

of obesity pathology and more nuanced approaches towards treatment.

1.2 Adipose Tissuemmunity
Although e 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 wihoty physiologyBesides storing lipid,



the AT also regulates food intake, insulin sensitivity, inflammatory pathways, and body
temperatur€. 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 ceomditoa

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 processthigiVhile 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 reponse to the dynamic metabolic and inflammatory enviromthekit 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 disordéfthile the subcutaneous AT (SAT) and visceral AT
(VAT) have i mmune systems, the two vary sligh
characterized more idepth.
1.2.1Adipose tissue immune cells during homeostasis
Myeloid cells are the most abundant AT immune cell, with ATMs being the most cothmon
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 eXpp&nsion

Recruited ATMs are derived from bone marrow (BM) progenitors and are recruited into the AT
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as monocytes in response to MCRignaling®. During homeostasis, most ATMs are resident,
and display an al tleirkneadnflanueexdaryiphanotypenarket leydhe f M2
expression of the proteins CD206, CD301, arginase-10llthe IL-1 receptor antagonist, and
transforming growth factor beta (TBF“. Theyhave a variety of functions that contribute to

normal AT function, includingnaintainng adipocyte turnover by phagocytizing cellular debris

and dying adipocytess well as inhibiting the differentiation of adipocyte progeritors

Additionally, ATMs contribute to the management of systemic lipid levels by aiding in the
release of free fatty acids into the circulation.

Besides ATMsthere is a population of conventional dendritic cells (cDCs) present in
lean AT, though their role in AT function is still somewhat difft§$é It is known that cDCs in
the AT secrete 1110, which maintains a localized airtflammatory environmeft Similarly,
eosinophils @& common in the lean AT and secrete-&mftammatory cytokines such as-H®°,
Neutrophils are also present in the lean AT, though in relatively low frequencies, and their
function in homeostatic AT function is unkno%n

Lymphoid cells are also present in th€&,And similarly to resident ATMs, are seeded
early in life, are selpropagating, and help maintain normal function of the tisisunate
lymphoid cells (ILCs) are populous in tAd, and in the lean state help maintain an-anti
inflammatory environment by recruiting eosinopi®¥. Additionally, invariant natural killer T
(NKT) cells are enriched in leakil andsecrete IE4 and 11-:10°3. 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 interactigth lipids in the AT environme#fit.
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Tregs are crucial for maintaining AT insulin sensitivity, as depletion or inhibition of them leads
to exacerbated insulin resistance during ob&sity

Overall, the lean AT is enriched in a variety of anflammatory immune cells that are
seeded there early in development, establish residency in the tissue, and play critical roles in
maintaining tissue homeostasis and functidmese cells display dynamic responses to the ever
changing milieu of inflammatory and metabolic challenges experiences by the AT, imhich
general protects the tissue from injury, but can be maladapted in certain circumstances to instead

drive chronic disease.

1.2.2Alterations 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
inflammationthat isestablished as the AT expan&gpecifically, nyeloid cellsexpand in the AT
atthe expense of reduced lymphoid frequencies.adeeimulation of immune cells in the AT
during obesity furtheamplifieslocalized 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 neutraiphils.
high-fat diet (HFD}driven models of obesity in mice (also known as-tlidticed obesity or
DIO), neutrophils begin to accumulate in the #ithin 3 days of starting the di¥t The
frequency of neutrophils in the AT rises rapidly during the onset of HFD feeding, then plateaus
after around 7 daysnterestingly, 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 eat§FD precludes alterations to AT T cell populatiDespite

neutrophils only living for a short amount of time, thereased frequency of neutrophils in the
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AT is sustained through at least 11 weeks of HFD feedixgmplifying how the AT constantly
recruits immune cells during obesityNeutrophils that infiltrate into the inflamed AT contribute
to the localized inflammation by secreting proinflammatory cytokines and proteases that affect
the tissuebs function. For instance, neutroph
degrade IRS-1 on adipocytes, contributing to insulin resistaand fibrosis®. In humans with
obesity, the VAT becomes rife with neutrophils, and VAT neutrophil content is associated with
increased Homeostatic Model Assessment for Insulin Resistance (HBMAThe
mechanisms driving the increased recruitment of neutrophils into the AT during obesity are
unclear. The concentrations of neutropiellated chemokines, such as CXCL1, CXCL2,
CXCL5, and IL-8 (in humans) are increased in obese subjects, which maybcoato the
mobilization of neutrophils in the circulatif’*.

ATMs aredrasticallyaltered during the developmentaiesity, which is evidenced by
the large expansion of ATMs in obese'ATThe frequency of ATMs in obese AT increases due
to increased proliferation, reduced exfiltration, and increased longevity of extant’ANdshe
AT expands, the metabolinicroenvironment changeand esident ATMs respond to the
diverse metabolic stimuli present and adopt a metabolically activated state, which includes
increased expression of proinflammatory cytokiaed chemokin€d Obese ATMs also
increase their expression of fibrotic factors such as coll@gé®al, indicating they deposit
collagen into the tissue and contribute to fibrfsiBhis shift in resident ATM phenotype is
critical for the development of AT inflammation in obesity, as administrati@gents such as
IL-4 or IL-10 to obese mice improves insulin sensitivity by polarizing ATMs towards an anti

inflammatory phenotypé&76
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One major chemokine secreted by metabolically activated ATMs is-MGRCP-1
recruits BMderived monocytes from the blood into the AT, where they differentiate into new
ATMs®3, Notably, hypertrophic adipocytes also secrete MCPBontributing to ATM
recruitment®. 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 MEBR, and the toHlike receptor 4 (TLR4f. Recruited ATMs
cluster aroungenesceradipocytes in formations called croMike structures (CLS).
Adipocytes become senescent during obesity due to genomic damage induced by metabolic
stress antbegin to secrete primflammatory cytokines that attract ATMsCLS-associated
ATMs become lipid laden, and highly express-prilammatory cytokinesuch as TNFfa and
IL-6, contributing to localized inflammatioand insulin resistané® Ablation of BM-derived
CD11c cellsleadto improved insulin sensitivity, highlighting the detrimental effects of ATM
recruitment during obesit

Natural killer (NK) cells also expand in the AT during obesity, although this is restricted
to the VAT’®. Obese adipocytes upregulate the natural triggering receptor 1 (NCR1), which
recruits NK cells and promotes their expression of inflammatory factors such aa @ahdF
interferon gamma (IFY. AT NK cells contribute to the inflammatory polarization of ATMs and
suppress anihflammatory ILC2 populations. Depletion or inhibition of NK cells leads to
improved insulirsensitivity?®. Mast cells are also increased in the obese AT, and contribute to
localized inflammation and dysregulation of the extracellular matrix by secreting préteases

Converse} to thebroadexpansion of myeloid cells seen in obese AT, lymphoid cells are
depleted. Immunosuppressive ILC#%d Tregs are lost in obese AT, which amplifies the pro

inflammatory environmef#°°. 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&elD8' effector T cells

infiltrate the AT following the initial wave of neutrophils and before Blgrived ATMs begin to

be recruited, suggesting an important role of these cells in initiating AT inflamiffafibe

population of CD4T cells in the AT shifts during obesity away from immunoregulatory Tregs

to proinflammatory w1 cells, which contributes to inflammation and insulin resisténce
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 BMderived and pranflammatory immune cells that drivsssue inflammation,

fibrosis, and metabolic dysregulatiorhe 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 therapeuti@gegies to target obesiissociated 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 degityg@b
favor the accumulation of primflammatory, bone marrowerived immune cells. ILC2: innate
lymphoid cell type 2. Treg: T regulatory cell. cDC: conventional dendritic cell. ATM: adipose

tissue macrophagenI: T helper 1 cell. NKT: natural killer @ell. NK: natural killer cell.

1.2.3Adipose tissue inflammation drives systemic inflammatiorand 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, pancremsash, intestine, muscle, and

central nervous systénThe 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 improvementsnietabolic outcomes. For example, depleting CDtets®,
inhibiting TLR signaling®, or inhibiting ATM inflammatory signaling improves insulin
sensitivity in obese miée8”. The mechanisms connecting AT inflammation to systemic
met abolic syndrome are not fully understood,
maintain lipid homeostasis contributes. For example, increased circulating lipids in obese mice
signals Tcells to take on an inflammatoryI7 phenotype, which exacerbates atopic
dermatiti$®. Increased circulating lipids may also contribute to the development of
cardiovascular plaques, which induces an inflammatory response

There are limitations to the hypothesis that AT inflammation drives systemic metabolic
syndromeFor example, in humans, markers of AT inflammation do not necessarily correlate
with markers of metabolic syndromsuggesting that other factors may influence the two
processes. This is supported by clinical study findings that showed little obvious effect on
metabolic outcomes when drugs neutralizing @aNJF IL-1b were used in patients with
metabolic syndronf&46:89.90 Finally, in humans with obesity that lose weight display
improvements in insulin sensitivity, but markers of AT inflammation remain unch&¥ged
Similar findings have been reported in mouse models of weight loss &&%vell

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 dgysigmic
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inflammation during obesity. The bone marrow, for example, is critical in regulating immune

responseand is affected by obesity, making it excitingtarget for study.

1.3 Treating Obesity and Obesity-Associatedl nflammation

It is anticipated that by 2030, the prevalence of adult obesity in the US will be %48.9%
and national obesityelated costs will approach $200 billion annudllDn an individual level,
besides the previously discussed connections to comorbiditiesity isalsoassociated with
reduced quality of life, including increased pain, risk of mental health conditions, and reduced
self imagé&®. So, developing effective and lasting strategies for obesity treatment is a priority for
upholding public healtland 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 rethliceasyl
diastolic blood pressure among patients with obesity and hypertensiog Sveight loss may
reduce hemoglobin Ain patients with obesity and type 2 diabetes; and >15% weight loss is
associated with lower rates of-akuse mortality and ineased quality of [if&.

There are many different strategies to achieve weight lossharspecific 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 employé®. Each method yields various levels of weight loss and has different
physiological effects on other organs, and ttwstinuoustlinical 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 benetts Unfortunately, maintaining weight lossdgficult and many
patients regain the weight without intensive clinical monitoring and treatment escéfation
During many weight loss interventionmtientsexperience plateaing of their weight around 6
monthsinto treatmenas the body undergoes metabolic and hormonal adaptations that lower
their basal energy expenditt?®® Whi |l e t he processes governing
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 manymetabolic 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 obesiasssociated inflammation
Despite inflammation being a central hallmark of obesity and driving the development of related
comorbidities, the effects of weight loss on obeagociated inflammation are relatively
unknown. The limited literature on this topic reports contradiatmglusions, 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 Id$sere appears to be divergent effects on
these biomarkers, depending on the study type, patient sample, and readexample, an
early study reported that the concentration of ¥\NWwas reduced in the serum of patients with
obesity that lost >10% body weight through a vieny-calorie diet (VLCD}% However, a
metaanalysis showed that patients that lose weight through bariatric surgery have no change in
serum TNFa concentration$®, and a more recent study found that 5% weight loss increased

TNF expression in the SAT of patients with obe$itySimilarly, IL-6 and MCP1 levelshave
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been reported to epressed by weight loss regardless of metha®x°”110 Despite that,
there still have been studies showing no effect of weight loss on sengantrations oi.-6 or
MCP-11%, Finally, bloodIL-8 levelsareconsistentlyelevatedor unchangeih patients with
obesity that lose weight through VLCD or bariatric methé&d Overall, the effects of weight
loss on serum biomarkers of inflammation are inconclusive and likely vary on a fiatient
patient basis, making them difficult to interpidbtably, though the use of antiobesity drugs is
more prevalent than ever given the risglofcagonlike peptidel (GLP-1) agonists, their effects
on inflammatory markers are still being investigated.

Ideally, then, other markers of obeségsociated inflammation would also be
investigated in weight loss trials, such as adipose tissue imoalim®ntent. However, given the
difficulty in obtainingadiposebiopsies in patients undergoing rsuargical interventions, this
sort of data is spars@ne study found that patients with obesity that 16$0% weight had no
changesn expression of inflammatory genes in their SAA biopsy. This suggests that other
organs may | ower their secretion of inflammat
explain variations in serum concentrations of the protéinethe study that analyzed ATM
content in WATbiopsiesof patients with obesity before and after bariatric surgery found no
difference afteone year ofveight los8™. 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 content!?

Although the data in human weight loss is limited, mouse models of weight loss
corroborate these findings. DIO mice that lose weight by eating adoAiot have reduced

WAT ATM content, even afte8 monthsof LFD feeding and returning to a lean wefjft3
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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 fighhf |l ammator
los3113 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 1085 ATMs begin to proliferate at a higher rate than usual during
weight loss, which may explain the sustainment of ATM content in the. fehese findings
indicate that the immune cell compartment of the WAT is refractory to the effects of Vosight
andmay continue to propagate inflammati@werall, 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 antinflammatory agentsin 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 obas#pciated
inflammation, alternative aninflammatory strategies majtso have beneficial effects in
treating obesityGenerally, antinflammatory drug usenay be considereid patients with
obesity that do not respond to other interventions after six months and have chronic
comorbidities induced by obestl. Anti-inflammatory drugsnay be used to treat comorbid
conditions associated with obesity, such as cardiovascular diseaadatkibf longterm
studies with large patient populations has limited the clinical usage ehfiathmatory drugs
specificallyfor obesity.

Studies in mice haveuggested thantrinflammatoryagents 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 resist&naeditionally,
strategies to induce astiflammatory phenotypes in ATMs, such as dexamethasone or
atorvastatin, also induce similar effects in the Waidl on metabolist%. However, despite
abundanevidencdrom mouse studies indicating the beneficial effects ofiaffammatory
drugs,human studies does not necessarily corroborate these finBorgsxample, neutralization
of TNF-a in obese mice increases insulin sensitifit{iowever, TNF inhibition in patients with
metabolic syndrome or diabetdisl notimprove insulin sensitivit{?8%. Similarly, treating DIO
mice with an Il-1b neutralizing antibody reduces insulin resistadfcdut IL-1b inhibition in
humans does not influence the development of diatselels worth noting, however, that these
observations are taken from studies investigating the use of these drugs onrelseity
conditions, and analyses on their effects on obesity are seco@danall, preclinical studies
suggest that anihflammatory 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 mamna@ostasis;
thus,hematopoiesis isontinuouslyoperating tesustain 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 residein the quiescent stateibcan activate to seitenew and differentiate into a wide
array of multipotent progenitors (MPPX) MPPs are relatively lonlived and can amplify,

which allows them to generate the bulk of the daily demand for neW'eliPPs are
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multipotent but can have lineage biases that governs their typical 88tpot instance, MPP2s
favor megakaryocyte/erythroid output, MPP3s myeloid output, and MPP4s lymphoid output
during homeostasi¥?1 MPPs generate downstream progenitors that are lireageitted,
which can proliferate themselves or differentiate to generate mature blodéféélls

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 poten@. 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 singhdl transcriptional and epigenetic technologies have
called this mdel into questiot®. 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 potétitihese findings support a more
continuous differentiation model, wherein HSPCs have innate poteotileducespecific
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 hematoppét¢ior has
mechanisms that can amplify or suppress patht¥ayhese 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 altedstemiammune function.
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1.4.1 Hematopoiess during homeostasis

In an adult human, approximately one trillion cells are produced by the BM on a dailf/®basis
During homeostasis, HSCs are predominantly in the quiescent stage of the cell cycle (G0)

This protects the cells from replication stress, preserving the integrity of the organelles and DNA
over long periods of tinté®. The pool of MPPs and other progenitorsteadgenerate the bulk

of daily blood cells during steady stéfeln homeostasis, MPP4s are the most abundant MPP
population, though the output of mature cells is generally balanced between the tiffeages

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 blobtypes. GMP: granulocyte

monocyte progenitor. CLP: common lymphoid progenitor.
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1.4.2 Demandresponsivehematopoiesis 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 @tlglisense and respond to
certain signals, such as hormot¥&shacterial signats’, and inflammatory cytokiné®, 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 pathogefighting myeloid cell3*3 HSPCs also express thellreceptor, which
promotes the production of myeloid cells in response 1b $ignaling®%. 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.

Demandadapted hematopoiesis can amplify the output of all linéZgé% However, the
generation of myeloid cells, or myelopoiesis, is best understood for its responsiveness to
inflammatory signaling and potential to contribute to chramiammation andhus will be the
focus here.

Emergencymyelopoiesis (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 fightsgydirepair,
and priming the adaptive immune syst&onditions that cause depletion in the abundance of
circulating myeloid cells, such as congenital neutropenia, increases the risk of opportunistic
infection, highlighting the importance of méaming a constant supply of myeloid cells from the

BM?137, 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 systemd$otve
generation of myeloid progenitors and mature myeloid cells at the expense of other }{f§eages
EM has been observed in a wide variety of inflammatory conditions, and although additional
mechanisms may be at play depending on the specific context, g@esallycomprised of the
following: firstly, HSCs are sensitized to activation and begin to overproduce nvpedsied
MPP2 and MPP3 cefi¥’. Secondly, a specific MPP3 subset that is-atfforcing and secretory
arises, that can generate myeloid cells through a direct mechanism bypassing the usual
pathway8. Thirdly, the usually lymphoithiased MPP4 population is rewired to favor myeloid
output®. Finally, granulocytenonocyte progenitors (GMPSs) are triggered to initial & self
renewal program that drives the formation of GMP clusters in th&#*BRMP 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 granulop&ésisecordingly, 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 BMnchergoto rapidly mount an innate
immune response to an infection or injuoyt 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 associatesith anabnormal accumulation of myeloid cells in the circulatitdwe

causes and effects of which were discussed in ChateWwhile this association was observed

for some time, it was only recently that the BM was studied for its role in contributing to ebesity
associated inflammation.

We now know that obesity is associated with widespread changes to the BM and
hematopoietic systemhat are longived and drive chronic inflammatioin mouse models of
obesity, the BM exhibits increased myelopoiesis and reduced lymphoptigisrhis is
associated with a reduction in the frequency of activated HSCs and an expansion in MPP3s and
GMPs“41142 The observations of how obesity affects hematopoiesis mirror many of the
characteristics of EM, suggesting that obesity may activatdi&\pathways in the BMiespite
the absence of acute infection or injuPptentially, 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, leadamgpidied proliferation when
challenged with hematopoietic str&8sThis effect is due to aberrant upregulatiorGatL,
which regulates HSC quiescence and renewal, due to the metabolic stress induced by obesity.
Similarly, abnormally high blood lipid concentrations during obesity disrupt HSGH GF

signaling, which affects the HSCo6s™ability
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Figure 4: Obesity promotes an emergencynyelopoiesislike 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 myeloiebiased multipotent progenitors (MPPs). All MPPs aseired to favor the
production of granulocytenonocyte progenitors (GMPs). GMPs adopt ectopicresléwal 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
hematopoiesigdowever, 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.
Onestudy reported tha&T inflammation, propagated by ATMs during obesity, was reported to
directly promote myelopoiest&. In obese mice, ATMs are activated by TLR4 signaling to
secrete IE1b, whichcan signaBM HSPCs through the Hl receptor to generate myeloid
progenitors. Depletion of ATM%knockout of myeloid TLR4or wholebody knockout of IELr
leads to resolution of myelopoiesis in obese mice, highlighting the importance of AT
inflammation in driving BM dysregulation in obesify. These findings are limited, however, by
the fact that IE1 has a very short hdlife in plasma, thus the possibility of ATiderived IL-1b
being received by BM cells is unlikély. This points to another myeleiterived 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 obesityAs 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 prodfifiese
cells by the BM implicates the BM in driving obesagsociated inflammation and metabolic

syndromé. In turn, AT inflammation signals to the BM to deregulate normal hematoptdfesis

30



This establishes a feedforward inflammatory circuit between the two organs that may play a role
in driving systemic inflammation and the development of obesisociated comorbidities.

Possibly, other factors contribute to this axis as well, such as lipids, adipokines, and other
immune cells, bumore work needs to be done to fully understand the processes governing this

potentialcycle.
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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, séartiesthat promote

dysregulation of the bone marrow to favor myelopoiesis.
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Another sideeffect 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 dlgnorma
high levels of genes associated with tumor metadtasiditionally, obese monocytes are
enriched for antigen presentation and secrete factors such as CXCL2 that activate neutrophils to
promote tumor metasta$i& 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 foradsesitgted
comorbidities. It is likely, though, that there is a connection between BM dysfunctichen
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 Hematopoiesiand 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 mesestioynadl
cells'>2 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 wélish
leads to heterogeneity in HSPC functitnHSC/niche crosstalk is important for the
maintenance and function of hematopoiesis during homeostasis and stress, since these signals
regulate HSC activation, quiescence, and differentittion

Classic niche cellsuch 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 riche cell
like functions in the BM. For example, mature megakaryocytes reside close to HSCs and
promote their quiescence by secreting factors such as CXCL4 antt®PfGWMegakaryocytes
can also influence HSCs by promoting megakaryebidsed differentiatiot®. Additionally,
mature macrophages in the BM regulate CXCL12 expression in other BM niche cells, which
affects HSC mobilizatio¥t®. BM macrophages also play an important role in promoting
regeneration of HSCs after injury to the B¥ANeutrophils 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

Neutrophilsare the most abundant type of mature hematopoietic cell in thedgvesenting a
reserve pool of cells that may be mobilized in response to inflamnsitpraling®®. 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 BNP°. 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, mostneutrophils highly express CXCR#hich promotes their retention in the BM by
binding CXCL12%% The concentration of CXCL12 is relatively high in the BM due to BM
stromal cells secreting high volumes of it. Knocking out neutrdpxar4 leads to increased
neutrophil egress out of the BM and into the circuldfipralternatively, humans bearing gain
of-function mutations in th€XCR4gene exhibit blood neutropeffa

At some point, autrophils in the BM downregulate their expressio€BCR4 and
instead begin to highly express CXCR1 and CXCR2. The processes driving this switch are not
fully understood, but are necessary to genera
knockout ofCxcr2leads to defective neutrophil functi§d 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 circulatioff*

CXCR1 and CXCR2 share the ligands CXCL1, CXCL2, CXCL5 and CXCLS8 (also
known as I1=:8, which is only present in humatfS) 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 mitiesglany different cell types can
express these ligands to induce neutrophil accumulation in the local area. The expression of both
CxcllandCxcl2is upregulated by H1 signaling, through nuclear factor kagmt-chain
enhancer of B cells (Nkb)'’. 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 expreg€3xcr4, which promotes their retention due to high concentrations of
CXCL12 within the marrow. As neutrophils mature, they upregulate their expressixcrdf
andCxcr2, 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-a o the BM niche, which

promotes regeneration of the vasculature that promotes HPSC regef@ratiia demonstrated

an indirect way through which neutrophils can regulate hematopoiesis. Other studies have shown
that during inflammatory conditions, such as D&gingor cancer, BM neutrophils secrete- 1L

into the BM niché&*":169170This |L-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 exgfeleswhich encodes the enzyme
histidine decarboxylase, the enzyme responsible for thdimateng step in endogenous
histaminesynthesi$’%. These Hdtneutrophilsare located closely to HSCs, atwhstitutively
secrete histamine in the BM niche, leading to a relatively high local histamine concentration. A
subset of HSCs that expresses very low levelddufalso expresses the histamine 2 receptor
(H2R), and these cells have innate bias towards generating myeloid progenitors. Histamine
binding to HR on these HSCs promotes their quiescence, which effectively blunts myelopoiesis.
Ablation of Hd¢ neutrophils, genetic deletion otR, or knockait of Hdcin mice leads to
increased myelopoiesis due to reduced histamine signaling on HSCs, allowing them to activate
and differentiate into myeloid progenitoAternatively, treatment of mice with thezR agonist
dimaprit suppresses myelopoiesis, even in inflammatory stteshistamineaxis 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 histildioarboxylaseHdc), which
allows them to secrete histamine. Histamine signals hematopoietic stem cells (HSCs) to remain
quiescent. Experimentally ablating Hdweutrophils, knocking owidc, or knocking out the
histamine 2 receptor @R) promotes HSC activation, which increases the production of myeloid
progenitors. The ER 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 lsamee effect on hematopoiesis.

The first hypothesdepehdanheéumeophnl smdehshtem

37



arose from a 20 paperwhere authors showed that infecting mice with various bacteria causes
neutrophils to migrate out of the BM, and that is correlated to increased HSC acti¢ation
Another papeshowed that depletion of BM neutrophils, either by inducing their mobilization
out of the BM via alum injection or anBr-1 antibody treatment, leads to increapealiferation
of HSPC3"3. Neutrophil depletion in the BM leads to increased-GBIF production, which
induces myeloiebiased HSPC proliferation and differentiati®@milarly, another group showed
thatshorttermdepletion of neutrophils using an ah§y6G antibodyled to formation of GMP
clusters, indicative of EM being activaté®i Finally, a more recent publication reported that
treating mice with artLy6G and antrat kappa light chain antibodies depletes neutrophils more
robustly than other methods, and this method leads to increased BM production of neutrophils
specifically: 4

Together, these findings suggest that the BM can somehow sense the density of
neutrophils in it and upregulates granulopoiesis when its neutrophil stores are défdated.
exactly the BM can sense its neutrophil content, however, is still unclear. Potentially, the
concentration of a neutropfderived factor, such as histamine, plays an important role.
Although the data is limited, this densifgpendent regulation of relppoiesis could be
implicated in driving myelopoiesis during states of chronic inflatiom, where neutrophils are
consistently being recruited out of the BM, like obesity.
1.5.4Neutrophils as Regulators othe Intestinal Stem Cell Niche
Note: content from this subchapter is taken from a manuscript | aimstauthor on published
in Cellular andMolecular Gastroenterology and Hepatology in 20624Since the findings from
this paper are tangential to the rest of my dissertation, | 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 neutrophilsegulate other stem cell niches. Specifically, in my previously published
work, | describe the role of neutrophils in regulating the intestinal stem cell (ISC) niche during
intestinal regeneration.

Similarly to the BM, eithelial 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
commensabacteria, 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 affery without excessive growtff. In the
intestine, epithelial regeneration relies on complex crosstalk between intestinal stem cells (ISCs),
and surrounding niche cells, including endothelial cells, fibroblasts, and immurié’cElisse
niche cells produce several signals, includingd@®@ndins, winglesselated 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
regeneratioh’® 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 c€ll8 In addition to Wnt signaling, myeloid cells in the intestine also
expresstgs2(the gene encoding the cyclooxygen@4€0OX-2] enzyme), which catalyzes the
ratelimiting step in producing prostaglandin GE2}2°. PGE2 is a bioactive lipid that

mediates inflammatory signals through several different types of receptors, includintyfiee E
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prostanoid receptors (EFPGE2 promotgintestinal epithelium repair by expanding the pool of
regenerative progenitor cells through prostaglandireéeptor 4 (EP4)eceptor signalintfL.

Hdc" neutrophils, while absent from the healthy intestine, play a vital role in regenerating
the intestine after injury. #fer damage to the intestinal barrigmnphatic vessal are exposed to
microbiatderived signalérom the gut lumenwhich trigger their ugegulation of the chemokine
Cxcll This in turn recruits Hdaneutrophisinto the intestine in XCR2-dependent manner.
Within the intestine, Hdcneutrophis support mucosal regeneration by secreting PGE2, which
promotes regeneration of ISCs adivateslymphatic endothelial celtthrough EP4 and
promotes their wegulation of preregenerativéactors >,

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.
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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 Hdaeutrophils by secreting CXCL1. In the intestine, Hakeutrophils
secrete prostaglandin E2 (PGEZ2), which promotes regeneration of the epithelium by signaling

LECs to secrete proegenerative 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 myelsdwkich accumulate
in tissues and interfere with their normal functidhe BM becomes dysregulated during obesity
and increases its production of myeloid cells, which likely drives systemic inflammation.
Obesityassociated inflammation and BM dysfunctiare 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 dysreguddtand drive obesigssociated myelopoiesis.

The goal of this dissertation is to connect these observations. For example, is increased
myelopoiesis during obesity linked to increased inflammatim®, if so, can BM dysfunction
be targeted to treat obes#gsociated inflammatiornally, do these changes to the BM last
through weight loss, and can this contribute to sustained inflamm&ioo@ neutrophils play an
important role in driving inflammation and regulating BM myelopoiesis, investigating their

movement during obesity may provide insighthese 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.OandEmmanuelle Passegué (E.P.). The experiments were all
performed byme, with assistance from O.C.@nd Hualong Zheng (H.Z.H.Z. performed the

fat pad transplantation procedureperformed the analysis and created the figurag chapter

is part of a manuscript thatvrote with assistance an@view from T.C.W., A.F., E.P., O.C.O,,

and R.L. The manuscript is curreniypressat 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 accumulafiomyeloid 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 pmgelopoiesis remains unclear.
Here, we present an-otepth overview of the changes to HSPCs during obdsist, we show
that dietinduced obesity (DIO) causes widespread transcriptional changes to HSPCs via single
cell RNA sequencing (scRNA&eq). We then use both DIO and genetic obesity models to show
that neutrophil density in the BM is a key regulator offopoiesis that is disrupted by obesity.
These effects are driven by ATMs, whisnse endotoxemia that is induced by obesogenic
stimuli, thenrecruit neutrophils out of the bone marrow and into the white adipose tissue (WAT).

These results providergew insightinto 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. ddrisénflammation is
associated with increased myeloid cells in the bltrdd2 Metabolic organs, such #® AT,
become infiltrated with myeloid cells that promote localized inflammation and interfere with
metabolism® 7183 |n the visceral AT (VAT), BMderived monocytes accumulate and mature
into inflammatory ATM$53that secrete proinflammatory cytokines and promote
fibrosis®3184.185 Neutrophils also accumulate in obese VAT, where they contribute to local
inflammatiori®66:67.186.187ht 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 stimtffi A subset of hematopoietic stem cells (HSCs), marked by
histidine decarboxylase (Hdg$,maintained in the quiescent state by histamine signaling
through the histamine H2 receptor:RJ'’%. Hd¢t HSCs are quiescent during homeostasis, but
become activated during inflammation, favoring the production of myetsid Hdcexpressing
neutrophils are the main source of histamine in the BM and promote the quiescencé of Hdc
HSCs by constitutively secreting histamine. Acute inflammation leads to depletion of BM
neutrophils through recruitment into the circulation, leading to increased activationof Hdc
HSCs and subsequent myelopoi€didHowever, 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 periphel{#14’. Experimental evidence suggests that VAT inflammation
drives myelopoiesis during obesity; but studies connecting systemic inflammation to

dysregulation of hematopoiesis remain limiteldre, 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 @inhise, which

leads to activation of HSCs that favor the production of mydd@ded 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 lowat diet (LFD) or highfat diet (HFD) for 24 weeks to model digiduced

obesity (DIO) Fig. 9a-b). We then performed singl=ll RNA sequencing (scRNA&eq) on
Lineage, Scal’, cKit* (LSK) cells sorted from the bone marrow (BM). LSK cells consist of stem

and progenitor subsets including HSCs and multipotent progenitors (MPR&)supervised
clustering of the data resulted in seven clusters, and we annotated the clusters based on established
lineageassociated markergi@. 9c-d). We validated our lineage markleased annotations using
published gene signatureBig. 9¢)2>18 We next analyzed the distribution of LSK clusters in

LFD and HFD fed mice using a doveampled density ploE{g. 9f). In HFD mice, the HSC cluster

was depleted, and theyeloid-biased MPP3 cluster was enriched, agreeing with previous
reportd*1:142 We confirmed this by quantifying the relative abundance of each cliseog).

In line with our computational analyses, flow cytometric analysis of LSK populations showed a
reduction in the frequency of lotgrm HSCs (LTHSCs) and erythroittiased MPP2s, and an
increased frequency of shderm HSCs (STHSCs) and myeloidbiased MPP3s in HFD mice

(Fig. 10a-b) 11°. These results indicate that during DIO, HSCs are activated, afrédency 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 2&eek feeding study. Littermate, male I4&tmice were randomly
assigned to LFD or HFD group at 6 weeks of age, then were weighed weekly for 24 meeks (
mice per diet, pool of 2 experimentb).Plot of weekly mass of mice on LFD or HFQ.
Uniform manifold approximation and projection (UMAP) of scRI¥&q data merged from

30,000 sorted LSK cells of 2 LFD and 2 HFD mice from 2 independent experimeHeatmap

showing normalized expression of the top 6 variable genes foccketar.e, UMAP showing

the expression of HSC, MPP2, MPP3, MPP4, cycling, and ErP gene signatures fromm Gerber
Ferder et al., 2023 and Tusi et al., 201&ell numbemormalized density plots showing the cell

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

Quantification of the frequency of LFD and Hki2rived cells in each cluster.

We then analyzed differentially expressed genes (DEGs) across the entire LSK
compartment Kig. 10c). Many HSCrelated genes Mlit3, Slamfl and Pdzklip) were
downregulated in LSKs isolated from HFD mice. Notably, one of the genes downregulated in
LSKs from HFD mice wagpoe,which has been shown to restrict HSC proliferation and myeloid
differentiatiot®®. Conversely, genes related to HSC activatiGu34 Fit3 and Myc), stress
response Rampland Hspa8, and myeloid differentiationHlane S100a9and Csf3r were
upregulated in HFD LSKs. This indicates that LSK cells from HFD mice are primed towards
activation and myel oi d di fafsesroecnitaitaetdi osni.g nVdet uea s
1,197 genes that were significantly upregulated in LSK cells K& mice. This gene signature
was enriched in the MPP3 cluster, supporting the conclusion that greggilated in LSK cells
from HFD mice are enriched in myeldithieage gened~{g. 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 danmagponse, positive regulation of cell
cycling, and myeloid cell developmerkiig. 10e). We hypothesized that HSCs from HFD mice

divide more frequently. We confirmed this via flow cytometric analysis of nugt&skX,

48



which marks DNA doublstranded breaks and is a readout for replicaagsociated DNA
damagé®®. LT-HSCs from HFD mice had increasgid2AX intensity compared to L'HSCs
from LFD mice, indicating a higher rate of DNA damageg( 10f). To assess HSC activity, we
used tetramethylrhodamine (TMRE), a fluorescent probe that marks activé’H &@sv
cytometry showed that HFD mice had an increased frequency of TMBte LT-HSCs

compared to LFD mice, confirming the increase in HSC activation during(Eig010g).
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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 suy$etjuency

of BM HSPC subsets among LSK cells by flow cytometr)/olcano plot showing DEGs
between LFD and HFD LSK celld, UMAP showing the HFD gene signature in LSK ce#is.
Selected gene ontology (GO) pathways that are enriched in HFD H&epresentative FACS
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plots of LT-HSC nucleag-H2AX staining (left) and quantification of the mean fluorescence
intensity (MFI) (right).g, Representative FACS plots of EHSC TMRE staining, assessing
mitochondrial membrane potential (left) and quantification of the percent-6f2Js that are
TMRE" (quiescent) and TMRE(active).Lines indicate mean value + SEM. Alvalues are
depicted and were obtained using atwa i | e d t-t¥geflamdy) dosrected for multiple

comparison using the Benjamini, Krieger, and Yekutieli methdd (

To confirm that the enrichment in myeloid lineagdated genes in HSCs from HHABd
mice we observed waassociated with increased myeloid potential, we sortetHETs 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, L'lHSCs from HFD mice expanded more
than LT-HSCs from LFD miceKig. 11b). In addition, LFHSCs from HFD mice produced a
higher frequency and number of CD1Aly6G* neutrophils Fig. 11c). Thus, taken together
these data indicate that tHSCs from DIO mice are primed towards increased activation and

myeloid differentiation.
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Figure 11: LT -HSCs from DIO mice have heightened myeloid potentiah vitro.
a, Experimental design onf 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 serufree expansion medium (SFEM) containing 25 ng oflstem cell
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factor (SCF), 113, and granulocytenacrophage colongtimulating factor (GMCSF).(n=8
mice per diet, pool of 4 experimentb) Quantification of the number of total live cells obtained
after 7 days of LIHSC differentiationc, Frequency (left) and number (right) of CD11ly6G*
neutrophils after 7 days of LRSC differentiation. Each dot represents the average value
obtained from 8L2 replicate wells containing cells from a single mous®es indicate mean
value £ SEM. AlIP values are depicted and wesbtained usingatwo ai | e d t-t¥¢ed c h 0 s

andc).

2.3.2 Hematopoietic stem cells with myeloid potential expand during dieinduced obesity

Since we observedhanges that favor myeloid production in HSPi@sm DIO mice, we
hypothesized that DIO causes an expansion in HSCs that favor myelopddssithe gene that
encodes the enzyme histidine carboxylasarks a population of HSCs that are highly quiescent
under homeostasis, are activated during infection or aging, and generate mostly myeloid
progenitor$’®. We placed Hde P reporter mice on LFD or HFD for 16 weeks to induce D@ (
12a-b) andfound that the frequency of He¢* HSCs (henceforth referred to as HEtSCs) was
increased in DIO miceHg. 12c-d). Obese mice had reduced total BM cellularity, as previously
reported Fig. 12e)'4°. Despite this, HFEed mice still had an increased number of HHSCs
compared to LFD miceThere was an increased frequency of CDddc" HSCs in HFD mice,
suggesting that the increase in H#SC number in HFD mice is a consequence of their increased

activation Fig. 12f). We also found that HIcHSCs from HFD mice had increasgHAX

intensity and ratio of TMREcells Fig. 12g-h).
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Figure 12: Myeloid-primed HSCsare activated during DIO.
a, Experimental design of 2@eek DIO study. Littermate, male H¢ mice were randomly

assigned to LFD or HFD group at 6 weeks of age, then were weighed weekly for 16 nwdéks (
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mice per diet, pool of 4 experimentb).Plot of weekly mass of mice on LFD or HFQ.
Representative FACS plots showing the gating strategy to define*G&&#e) Hd¢ HSCs in
the BM of LFD and HFD micad, FACS quantification of the frequency (left) and number
(right) of Hd¢ HSCs isolated from the BM, FACS quantification of the total number of cells
isolated from the femurs, tibiae, and pelvises of LFD and HFD hiEACS quantification of
the frequency of CD34(active) Hd¢ HSCs isolated fromhe BM. g, Representative FACS plot
of Hdc' HSC nucleag-H2AX staining (left) and quantification of the mean fluorescence
intensity (MFI) (right).h, Representative FACS plot of EISC TMRE staining, assessing
mitochondrial membrane potential (left) and quantification of the percent of HSCs that are
TMRE" (quiescent) and TMRE(active).Lines indicate mean value + SEM. Alivalues are

depicted and were obtained using atwa i | e d t-t¥ge@d-hg. h 6 s

In mice fed HFD, we found an increased frequency and number of grantitoopteyte
progenitors (GMPs) in the BNhdicating increased myelopoiesiEd. 13a-b)'*°. HFD mice also
had increased numbers of monocytes and neutrophils in the Bligod 8c). To confirm that the
increase in myeloid cells is due to the expansion of HKBCs specifically, we performed lineage
tracing usingHdcCeERT, R2gdTomate reporter mice, which label progenies of Md¢SCs Fig.
13d)%°2 Mice fed HFD had more tdTomathlPP3s, myeloid progenitors (MPs), and GMPs in the
BM than LFD mice, confirming that differentiation of HddSCs contributes to the increase in
myelopoiesis during DIOHig. 13e). Additionally, we found that the number of tdToma@&MPs
was increased in mice fed HFD compared to LFD mice, while the number of tdFadaMiRs
was comparable between the two groufig.(13d). This suggests that the expansion of myeloid
progenitors seen during obesity is primarily due to exparsithe Hd¢ myeloid lineage. During
obesity, circulating BMderived monocytes accumulate in metabolic tissues such as VAT, where
they differentiate into ATMs that drive local inflammation and insulin resistaniceHFD mice,

we found that most circulating monocytes and CD1BM-derived ATMs were tdTomatp
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indicating they originated from H84¢&SCs Fig. 13g). These results indicate that the expansion

of Hdc" HSCs and their progeny drives increased myelopoiesis during obesity.
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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 granuletyieocyte
progenitors (GMPs) in the BM, FACS quantification of the number of monocytes (mono) and

neutrophils (neu) in the blood, Experimental design of 3&eek DIO lineage tracing study.
Littermate, male Hd¢®ERT?Rosa26'T°™amice were randomly assigned to LFD or HFD group

at 6 weeks of age, then gavaged with tamoxifen\[) At week 0 and week 4£€8 mice per

diet, pool of 2 experimentsg, FACS gquantification of the frequency of tdTomatells out of
BM myeloid progenitor subsets.FACS quantification of the number of tdTomato negative and

positive GMPs in the BMg, FACS quantification of the frequency of tdTomatells out of
blood cellsLines indicate mean value + SEM. Alvalues are depicted and were obtained using

atwot ai | e d t-té¥deld ande)@srected for multiple comparison using the Benjamini,

Krieger, and Yekutieli methodg).
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The quiescence of HI&ISCs is promoted by histamine binding to the histamine 2 receptor
(H2R) on their cell membrad&. Most Hd¢ HSCs are positive for #R, while most HdtHSCs
are negativeHig. 14a). HSC expression dfirh2, which encodes #R, was not affected by HFD
feeding Fig. 14b). Instead, we observed that mice fed a HFD haddaced concentration of
histamine in the BM compared to LFD mid&d. 14c). To confirm that activation of HIdHHSCs
contributes to myelopoiesis during DIO, we treated DIO $tienice with the HR agonist
dimaprit (Fig. 14d). Hdc" HSCs isolated from DIO mice treated with dimaprit showed reduced
frequencies of TMREand CD34 cells (Fig. 14e). This resulted in reduced GMPs in the By,
14f). Finally, dimaprittreated DIO mice had fewer monocytes and neutrophils in the bfegd (
14g). Together, these data show that activation of *H48Cs due to reduced BM histamine

concentration during DIO promotes myelopoiesis.
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Figure 14: Reduced histamine signaling on HdtHSCs drives myelopoiesis during
DIO.
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a, Representative FACS plots showingRHstaining of LFHSCs from the BMb, RT-qPCR
analysis of the expression ldfh2 in HSCs.c, ELISA quantification of the concentration of
histamine in the BM supernatadt. Experimental design of dimaprit study. Male Htitmice
that had been on HFD for 16 weeks were randomly assigned to receive vehicle or dimaprit
intraperitoneally twice daily for 4 days£12 mice per group, pool of 3 experimen&gsFACS
quantification of the frequency of TMREand CD34 Hdc" HSCs fom the BM.f, FACS
guantification of the number of GMPs in the By) 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 @twoi | e d t-t¥8e@ andc) @msrected

for multiple comparison using the Benjamini, Krieger and Yekutieli metea). (

2.3.3 Neutrophil recruitment reduces the concentration of histamine in the bone marrow
during obesity

The major source dfistamine in the BM niche is Hdaeutrophils, which highly expresilcand
constitutively secrete histamifé Hdc® neutrophils represent approximately 80% of the
neutrophils in the BM and in the blooBig. 15a). 16 weeks of HFD feeding had no effect on the
expression oHdc by neutrophils in the BMKig. 15b). However, we found that mice fed HFD
had decreased frequencies and numbers of Helatrophils in the BMKig. 15c). Conversely,
there was an increase in the frequency and number dfrtéddrophils in the circulation, resulting
in an increased concentration of histamine in the seRign15d-e). We foundthat the abundance
of Hdc neutrophils was also decreased in the BM and increased in the circulation, suggesting that
both populations are mobilized by obeskyg(. 15f-g). Thus, during DIO, neutrophils are recruited
out of the BM and into the circulation, reducing the local concentration of histamihe BM,

leading to the activation of Hi&1SCs 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 identifyingrdddrophils in the
BM and blood from lean H&P mice.b, RT-qPCR analysis dfidc expression in BM Hdt
neutrophils from mice on diet for 16 weeksFACS quantification of the frequency (left) and
number (right) of Hdtneutrophils in the BM of mice on diet for 16.FACS quantification of
the number of Hdcneutrophils in the blood, ELISA quantification of the concentration of
histamine in the serum. FACS quantification of the frequency (left) and number (right) of Hdc
neutrophils in the BM of mice on diet for 16 weekmes indicate the mean value £ SEM. Rl

values are depicted and were obtained using eétvmoi | e d t-t¥ge@d-fc h 6 s
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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
obesity*6.67 We confirmed this and found that mice fed HFD had more IHdatrophils 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 6% (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 DIC3mive

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 su€xes, Cxcl5, or Cxcll2

(Fig. 16d). We also found thaCxcl2 is most highly expressed in ATMs, monocytes and
neutrophils in the gWAT of DIO micd~{g. 16e). We confirmed that the expression@kcl2is
increased in these cell types during DIO using quantitative PCR with reverse transcription (RT
gPCR) Fig. 16f). Additionally, we found that serum isolated from HFD mice had an increased
concentration of CXCL2Kig. 16g). Finally, Hd¢ neutrophlis isolated from the BM of HFD mice

had increased expression@{crlandCxcrz which encode for the CXCL2 receptors CXCR1 and
CXCR2, matching previous reports that BM neutrophils upregulate chemokine receptors during

obesity Fig. 16h)3
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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 Hdeutrophils in the gonadal white
adipose tissue (QWATh, FACS quantification of the number of Hdeeutrophils in the
inguinal white adipose tissue (iIWAT) of mice on diet for 16 weekRepresentative FACS plot

showing the gating strategy for identifying Hdc+ neutrophils in the gWAT ofFfduice.d
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Reanalysis of sScRNAeq data from Cottam et al., 2022 dataset comprised of pooled stromal
vascular cells isolated from the gWAT of lean and DIO ne¢Reanalysis of SCRNAeq data
from Cottam et al., 2022 dataset comprised of stromal vascular cells isolated from the gWAT of
DIO mice.f, RT-gPCR 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 ogentrationh, RT-gPCR analysis of
relative expression in BM Hdmeutrophils Lines indicate the mean value £ SEM. Rlvalues
are depicted and were obtained using atwa i | e d t-t¥ged, lwahd@)scorrected for

multiple comparison using the Benjamini, Krieger and Yekutieli methaddh).

We then soughb determine when neutrophils begin to be recruited into the gWAT during
HFD feeding. Hdtneutrophil numbein the BM drops quickly within 4veeksof starting a HFD,
then continues to fallthroughout 24 weeks of feedingi¢ 17a). Thus, we hypothesized that
neutrophil recruitment out of the BM occurs quickly after starting HFD feeding. To test this, we
fed male HdE™ mice LFD or HFD for 14days and then analyzed neutrophils at various time
points Fig. 17b). We found that Hdcneutrophils 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-{g. 17c-d). In the BM, the number of Hdmeutrophils begins to lower within
4 days of HFD feeding, indicating thr&cruitment of these cells is initiated quickkig. 17e). At
day 4, we observed fewer Hdoeutrophils in the BM and an increased peroémictivated Hdt
HSCs Fig. 17f-g). Treating mice with the CXCR1 and CXCR2XCR1/2)dual inhibitor SXx682
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 @&xcl2 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 pathiwigyl(7h).
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Figure 17: Hdc+ neutrophils are rapidly recruited into the gWAT upon exposure to

HFD.

a, FACS quantification of the kinetic number of Hdeeutrophils in the BM of HdcGFmice
fed LFD or HFD for 0/4/8/16/24 weeks, Experimental design of shet¢rm feeding study.

Littermate, male Hd¢™” mice were randomly assigned to LFD, HFD, or HFD + SX682 group at
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6 weeks of age for 4 days<12 mice per group, pool of 3 experiments)ACS quantification
of the kinetic number of Hdmeutrophils in the gWAT of HAcGFP mice fed LFD or HFD for
0/1/2/4/8/14 daydd, FACS quantification of the number of Hdeeutrophils 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 dayis FACS quantification of the number of Hdc+
neutrophils in the BM at day ¢, FACS quantification othe frequency of CD34Hdc" HSCs in
the BM at day 4h, RT-gPCR analysis of relative expression in immune cells in the gWAT.
Lines indicate the mean value + SEM. * dendeslue of less than 0.5 compared to LFD
group. AllP values are depicted and were obtained using e twoi | e d t-t¥¢ecbredted s
for multiple comparison using the Benjamini, Krieger and Yekutieli meth@h@h), or a
BrownFor syt he and Welch ANOVA test wigth Dunnet

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
neutropeni&®. To test thisourselves we depleted gWAT ATMs using clodronate liposomes
(CLO) injected intraperitoneally, then fed the mice LFD or HFiy(18a). Intraperitoneal CLO
treatment reduced gWAT ATM content for mice fed LFD or HFg( 18b). Mice that were
pretreated with CLO then fed HFD had fewer Hdeutrophils 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*Hh@citrophils, which
was associated with reduced activation of HAECs Fig. 18d-e).

Although peritoneal delivery of CLO has high specificity for peritoneal
macrophagée8*1®5 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 learfHdecipients(Fig. 18f).

When we transplanted PB&ated obese gWAT into lean recipients, we observed a higher
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number of Hd¢ 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 H&ISC activation, GMP accumulation, and monocyte production
(Fig. 18n-1). However, obese gWAThat was pretreated with CLO failed to recruit Hdc+
neutrophils in the lean recipient. This led to more Hugutrophils in the BM and reduced
myelopoiesisig. 18g-1). 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 HItHSCs and increased myelopoiesis.
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Figure 18: ATMs are necessary for recruitment of neutrophils into the gWwAT
during HFD feeding and DIO.

65



a, Experimental design of clodronate (CLO) study. Littermate, malé&Haaice were randomly
assigned to receive an intraperitoneal injection of PBS or CLO, then 5 days later were fed LFD
or HFD for 4 days.r=8 mice per group, pool of 2 experiments). Relates to parels, FACS
quantification of the number of ATMs in the gWAG,.FACS quantification of the number of
Hdc" neutrophils in the gWATd, FACS quantification of the number of Hdeeutrophils in the
BM. e, FACS quantification of the frequency of CD34dc" HSCs in the BMf, Experimental
design of fat pad transplation (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 le&ff’Hdc
recipients, that were fed chow for 14 days=4 mice per group, pool of 2 experiments). Relates
to panelgy-1. g, FACS quantification of the number of Hdeeutrophils in the transplanted
gWAT tissue 14 days after being transplanted into the recipieRACS qualtification of the
number of Hd¢ neutrophils in the blood of the recipientd-ACS quantification of the number
of Hdc" neutrophils in the BM of the recipienis FACS quantification of the frequency of
CD34" Hdc" HSCs in the BM of the recipients, FACS quantification of the number of GMPs
in the BM of the recipients, FACS quantification of the number of monocytes in the blood of
the recipients. Lines indicate the mean value + SEMPAihlues are depicted and were
obtained using a BrowRorsythead Wel ch ANOVA test with Dunn

comparisonsty, c, d, e, g, h, i, j, kandl).

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 éb¥§if. In mice, HFD
feeding causes accumulation of bacterial produstieh as lipopolysaccharides (LP8),the
gWAT within 5 days of starting the d#tLPS can act upon ATMs through the Toike Receptor

4 (TLR4) to promote their secretion of cytokines such a&d®°, and cultured human adipose
tissue organoids treated with LPS show increased expressldhafdCXCLZ’. To confirm this,

we generated resident ATkbntaining gWAT organoids from lean midéid. 19a)2%. Treating
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these organoids with LPS, but not palmitic acid (R&Sulted in a higher concentration of CXCL2
in the supernatanE{g 19b). Organoids cdreated with LPS frorRhodobacter sphaeroidéisPS
RS), which inhibits TLR#? had reduced CXCL2 concentration in the supernatant, confirming
that LPSTLR4 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-BS3locked thisKig. 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 fedHig:[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 HFDFjg. 19e-f). Antibiotic-treated mice fed a HFD had a lower serum
LBP concentration compared to HFD controls rafte days of feeding Hig. 19g). This
corresponded with reduced gWAT S\xcl2 expression, fewer neutrophils in the gWAT, and
more neutrophils in the BM~{g. 1%h-j).

Finally, we treated DIO mice with antibiotics to test if microbial signals are necessary for
sustaining neutrophil recruitment into the gWAT during established ob&gityl©k). Treating
DIO mice with antibiotics for 4 days reduced the concentration of LBP in the sEigni9).
DIO mice treated with antibiotics also had reduced gWAT SVF expressioratd, fewer
neutrophils in the gWAT, and more neutrophils in the BM than veliiekted DIO mice, which
corresponded to a reduced percentage of aativatle” HSCs Fig. 19m-0). 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 developiihg obesity in the gWAT also promote ATM expression of
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Cxcl2 For instance, It1b is abundant in obese AT and directly promdZesl2 expression in
macrophage®?293 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 gWA®rganoid 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
harvestedri=7 mice, each dot represents mean value € #chnical replicates from 1
mouse). Relates to pandélsc. b, ELISA quantification of the concentration of CXCL2 in the
isolated supernatart, ELISA quantification of the concentration of CXCL2 in the isolated
superngant.d, ELISA quantification of serum LPS binding protein (LBP) in mice fed LFD or
HFD for 4 days (=12 mice per diet, pool of 3 experiments)Experimental design of shert
term antibiotic (ABX) treatment study£8 mice per diet, pool of 2 experiments). Relates to
panelst-j. f, Quantification of fecal bacterial load, ELISA quantification of serum LBHh,
RT-gPCR analysis of relative expression®{cl2in the stromal vascular fraction (SVF) isolated
from the gWAT.i, FACS quantification of the numbef Hdc" neutrophils in the gWAT,],
FACS quantification of the number of Hdc+ neutrophils in the BMExperimental 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) gromp4( mice per group, pool of 2
experiments). Relates to pankls |, ELISA quantification of the concentration of LBP in the
serum.m, RT-gPCR analysis of gWAT SVF expression®{cl2 n, FACS quantification of the
number of Hd¢ neurophils in the gWwAT o0, FACS quantification of the number of Hdc
neutrophils in the BMLines indicate the mean value + SEM. Rllalues are depicted and were
obtainedusingaBrowhor syt he and Wel ch ANOVA test wit

comparisonstq, c, f, g, h, i, j, |, m, nando), oratwet ai | e d t-t¥8ed).c h 6 s

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 leausdased

myeloid cell accumulation systemically. Trecruitmentof Hdc' neutrophils plays a central role
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in promoting a myeloidavored 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 HA¢ neutrophils when they are exposed to bacterial signals that increase in abundance
shortly after exposure to HFD. Together, these results support an aBidasmeas during obesity
wherein the adipose tissisnses endotoxins and signals the BM to mount an inflammatory
response through myelopoiesis.

24.1 DIO alters the frequency of hematopoietic stem and progenitor celtsy altering their
transcriptional landscape

Previous publications have described a pronounced increase of myeloid progenitors in the BM in
mouse models of obesify142145 putthe field lacked a detailed analysis of how obesity changes
the hematopoietic system/e confirmed this observation in our model of DIO through scRNA

seq and floncytometry, andound that obesmice had reducefilequencies of longerm HSCs
anderythroidbiased progenitors, along with increased frequencies of-w&hrartHSCs and
myeloid-biased progenitors. These findings mirror what is se@mergency myelopoiesis, as

the hematopoietic system increases its myeloid output at the expense of other'ifieages
Exploring our scRNAseq 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 findirigd3iis from

obese mice have altered ability to properly cycle and maintain quiesterie®©ne notable

gene that we found to be downregulated in DIO HSP@pag which is involved in lipid
transporting and metabolisSApoE protein is abundant on the surface of HSPCs, and

knockdown ofApoecauss increased myelopoiesis independently of ‘d@feThis 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 activaiene 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 respogise gene
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 thereased frequency of myeloid progenitors.

When we analyzed pathways upregulated in DIO HSB@=top hits wvasDNA damage

response. DNA damage is an indicator of cell division, particularly in cells that are proliferating
quickly or over a prolonged amount of tifffe Nuclear staining fogH2AX confirmed that HSCs

in particular havenore DNA damage when isolated from DIO mice, further supporting the idea
that DIO causes increased activation and replication of stem cells.

24.2 DIO causes expansion of a myeloispecific hematopoietic lineagenarked 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 descrilbeallgpepulation of
HSCs that expredddc. These HAdtHSCs cycle very slowly during homeostasis, but are

activated by inflammatory signaling and produce almost exclusively myeloid prog&iitdte

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 Hddineage expanded greatly in DIO mice, andstmyeloid progenitoren

the BMwere Hd¢. Accordingly, when we analyzed mature myeloid cells in the circulation and
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peripheral tissues of DIO mice, most were also*Huohlicating that the expansion of the Fidc

lineage in the BM gives rise to systemic myeloid burden during obesity.

2.4.3 Neutrophil migration controls the expansion of the Hdtmyeloid lineage

We next asked what causes the Hdteage to expand during obesiQur previous data
suggested that Hdoeutrophils are a key regulator of Hd¢SCs and thus the Htltneage.

This is because Hdmeutrophils highly expredsdc, far more than any other cell in the BM, and
constitutively secrete histamine into the local area."H®BCs express the histamine 2 receptor

(H2R), and binding of histamine to:R promotes the quiescence of the'¢&llThus, histamine

coming from neutrophils suppresses the produc

dependent 0 model of regulation, wherein t

production of new neutrophils.

We are not the only group who has reported data in support of a density dependent model

of myelopoiesis. Antibodynediated depletion of neutrophils indutles generation of myeloid
progenitordndependently of other inflammatory signalapporting the central role of
neutrophils in controlling myelopoeidid'’4 We had previously shown that specific deletion of
Hdc' neutrophils induces myelopoiesis as WéllNotably, though, evidence of this density
dependent model was limited to experimental models of neutrophil abldgos, we show
evidence that thphysiologicalrecruitment 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 myetlriden chronic inflammation. Importantly,

we show that the generation of monocytes is also tethered to neutrophil density in the BM,

he

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 théBMthen
causes increased myelopoiedikis is due to chronic recruitment of neutrophils by the adipose
tissue, specifically the visceral adipose tisstlbas long been understood that the VAT becomes
inflamed during obesity and accumulates myeloid cells at high nufhb&TdMs specifically
have been well studied for their central role in driving obesstyociated inflammation, as
depletion of ATMs leads to reduced metabolic inflammation in obesé€imiasd, ATMs have
also been shown to be necessanjirforeased myelopoiesis during obekity

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, mhies
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 feedintf:%%-67 Once in the AT, neutrophils secrete a variety of different factors,
including extracellular matrix remodeling proteases and inflammatory cytokines, contributing to
the localized inflammatiorOur 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
obesityassociated comorbidities, though the evidence of a direct mechanism isintited/

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 $&prfé°’ 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®¥Dhis 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 ght junction proteins in the intestinal epithelium in mice anctatsHowever,

when humanwomen with obesity were compared to lean controls, there was no difference in
markers of gut integrity at baseline or after a Highmeat®. 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 patobdlaogsity.

2.4.6 Limitations of study

Much of the work presented here is specifically on the*Hideage of HSPCs, which we show
expands greatly during obesity and produces most of the mature myeloid cells in the circulation
and peripheral tissueli.is important to note, though, that the Hlilseage 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. HECs express

H2R and are therefore responsive to mstee, while HACHSCs donot, meaning that this

specific regulatory loop we describe is exclusive to the'Hdeage. Therefore, other

mechanisms must be at play that govern the activation and expansion of thiegdde during
obesity.Additionally, we show that virtually all (>95%) of the neutrophils that are recruited into

the AT are Hdt. This indicates that there is some preferential recruitment of the Hdc

neutrophils into the fat, while Hdneutrophils are likely recruited elsewhere, but why this
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happens is unknown since both populations exptessl andCxcr2 More work needs to be
done to better understand the divergent regulation of both lineages, and the significance of why
certain myeloid progenitors expreddc while others do not.
2A4.7 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 myeleabkn Associated with
that is the expansion of the Hdmeage, which is myeloid biased and produces mature myeloid
cells that accumulate in the circulation. Hdeutrophils regulate this process, and they are
continuously recruited out of the BM by VAATMSs 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 onbw 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 theathway 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 thaittic
Hdc lineages, for both BM progenitor and mature cells. As of now, our understanding of these
two lineages ivased purely on their expressionHifc, 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 Obesitpduced

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. Howewagintaining weight loss is difficult for many patients, and
weight regain is common.hEre is evidence that adipose tissue (AT) inflammatidnch is
driven by dysregulation of the bone marrow (BM) during obepgysists after weight los$his
may contribute to weight regain, since the AT is a central regulator of energy b&laneewe
investigate how alterations to the BMluced by obesity araffectedby weight lossWe use a
variety of different murine models of weight loss to best represent theroftkimodal nature of
weight loss irhumans, and analyze blood samples from human patients with obesity before and
after losing weightin mice, weight loss is insufficient to resolve the alterations to the BM
induced by obesity, leading to sustained B\function in previously obese mice. This
continued BM dysfunction leads to sustained AT inflammation. In humans with glyagyna
neutrophil chemokines are increased, correlate with increased insulin resistance, but do not
decrease with weight losQur results show thahanges 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, sgnichicangreatly affect
quality of life and mental health Losing weight is often the main goal of obesity care, as
weight loss can improve overall health and reduce the chance of developing comotfiidities
Official guidelines recommend achieving weight loss-di08% to yield clinically significant
improvements in health outconigds Weight loss can be achieved through a variety of different
methods, including dieting, exercise, surgery, or drugs, with many people using a combination of
methodsHowever, individuals with obesity often have difficulties maintaining weight loss, and
up to 50% of the lost weight through lifestyle interventions is regained within orf@%&ar
individuals that lost weight using glucagbke peptidel (GLP-1) agonists, withdrawal of the
drug lead to regain of most or all the wefght
Obesity is associated with alterations to the BM hematopoietic system that favor the production
of inflammatory myeloid cellsor myelopoiesig*14’. These myeloid cells infiltrate into
metabolic tissues such as the AT, where they interfere with metabolic processes to drive
metabolic dysfunctionAs 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 obeaggociated myelopoiesis
and the resulting inflammatioAlthough weight loss is associated with improvements in insulin
sensitivity’, there is evidence that AT inflammation persists after weight lnssclinical trial
investigating the effects of moderate (approximately 5%) weight loss in humans with obesity
weight losshad no effect on markers AfT inflammatiort®. In mice,even after previously
obese mice returned to normal weight after 8 weeks of weighthiomsgh dietingthe content of

adipose tissue macrophages (ATMs), a marker of AT inflammation, remained el€vated
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Additionally, sequencing of ATMs in mice that lost weight revealed that weight loss does not
affect their expression of inflammatory cytokifies

Theeffects of weight loss on the BM are unclear. In a-uhdticed obesity (DIO) mouse model,
mice that lost weight through a lefat diet (LFD)had fewer myeloid cells in the circulation
compared t@mbese controt4? which would suggest resolution of obesitysociated

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 weidtith indicates that changes

to the BM caused by obesity are resistant to weight4b%8 How neutrophil migration changes
with weight loss is unknowrHere, we investigate how a variety of different weight loss
modalities affect obesitgssociated myelopoiesis mice and how these effects alter
inflammatory and metabolic markek&/e show that different weight loss modalities have
differing effects on the BM, but overall weight loss has minimal effects on resolving ebesity
associated myelopoiesM/e 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 diseasé¥. However, there is evidence that AT inflammation persists after weight loss in
both mice and huma#$-*'3 Placing DIO mice on LFD (diet switch) is a commonly used model

to study weight loss. However, in humans, {fawvdiets are rarely effective in achieving significant

and sustained weight I8%213 In addition, weight loss strategies in patients with obesity are often

multi-modal. Bariatric surgery and weight loss drugs such as gluddgopeptide 1 (GLPL)
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agonists are currently common weight loss methods for patients with d4edfyout 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)Kig. 20a). In all cases, the mice lost approximatelyZ8¥6 of their initial

weight compared to their respective contréig (20b).

a

* Hdc5 P intervention control iiltztr\cf'::tri]ogn % weight loss
* male
* 6 weeks old . .
Diet Switch ~ o+
begin (DS) @ HFD @ low-fat 26.5% +2.8
weight loss
Diet: Semaglutide Vehicle . o
« HFD (Z‘_?'_‘\' f_-l). (Veh). hlgh fat 20.9% + 1.4
| | Sleeve Sham
Week: 0 16 20 Gastrectomy surgery e high-fat 21.5% +2.4
(SG)@
Caloric -~
Restriction ad libitum high-fat 23.9% + 3.1
(0 (AL)O

Figure 20: Mouse models of weight loss.
a, Experimental design of weight loss study. Littermate #ilmice were fed HFD for 16
weeks, then randomly assigned to a weight loss intervention or appropriate cer8roli¢e per
diet, pool of 2 experiments), 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 nditi¢. 21a). Mice that lost weight via DS had more Hdweutrophils

in the BM compared to controls, which corresponded to an increase in BM hist&ngin21b-

¢). This was associated with a redugenicent of activated HI¢HSCs and number of GMPs in
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the BM (Fig. 21d-€). Additionally, fewer Hd¢ HSCs from DS mice were TMREFig. 21f). DS

mice also showed reduced Hdeeutrophils and monocytes in the blood, as well as reduced
neutrophil and ATM content in the gWATFig. 21a-d). Within the gWAT ATMs of DS mice,
there was a reduced percentage of-Bdfived ATMs compared to controls, and the SVF
expression of the monocyte recruitment chemokic® was decreased-ig. 21e-f). We found

that DS mice also had loweré&kcl2expression by the gWAT and reduasahcentration of LBP

in the serumKig. 21g-h). These data show that in the DIO model, removal of the obesogenic diet

causes partial reversal of neutrophil recruitment into the gwWAT and resulting myelopoiesis.
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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 Hdaeutrophils in the BMc, ELISA quantification of
the concentration of histamine in the BY.FACS quantification of the frequency of CD34
Hdc" HSCs in the BMe, FACS quantification of the number of GMPs in the BHMFACS
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quantification of the frequency of TMREactive) Hd¢ HSCs.Lines indicate the mean value *
SEM. All P values are depicted and were obtained using @ twoi | e d t-t¥¢ecbnophridgs
weight loss intervention to its contr@-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 &Rl no change to the number of FHdeutrophils,

BM histamine percent of activated Hi¢41SCs, or number of GMPs in the BM compared to their
respective controldg. 20a-€). These mice also had no change to percent of H8Cs that were
TMRERhi (Fig. 20f). Similarly, there were no differences in the number of Hdwtrophils 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 expressi@xol (Fig. 21a, c,g-h).
Interestingly, semaglutide, SG, and -@Rated mice did have reduced numbers of monocytes in
the blood and ATMs in the gWATF(g. 21b, d). However, there was no difference in the
percentage of ATMs that were BNerived compared to controls, and the gWAT SVF expression
of Ccl2 was not changedr{g. 21ef). These findings indicate that weight loss alone is not
sufficient in resolving the increased myelopoiesis induced by neutrophil recruitment during

obesity, and different weight lossodalities 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 Hdeeutrophils in the blood, FACS quantification

of the number of monocytes in the bloadFACS quantification of the number of Hdc
neutrophils in the gWATd, FACS quantification of the number of total ATMs in the gWAT.
FACS quantification of the frequency of CD11c+ ATMs out of all ATMs in the gWART-
gPCR analysis dEcl2 expression in the gWAT SVIg, RT-gPCR analysis afxcl2expression
in the gWAT SVFh, ELISA quantification of the concentration of LBP in the serumes

indicate the meawalue + SEM. AlIP values are depicted and were obtained using advex

We | ctheét somparing weight loss intervention to its contaeth).
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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 a8didlelevated in the serum

of humans with obesi®?'¢ and neutrophil counts are elevated in the bifotive confirmed the
elevated concentrations of CXCL2 and8Lin 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 Hdweutrophils in the bloodH{g. 22a-c). When we compared the

pl asma concentration of these biomarkers to
insulin resistance (HOMAR), 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 HOMAIR and plasma concentrations of CXCL2 and8Il(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-calorie diet (LCD) intervention. Only some
patients had reduced plasma concentrations of CXCL-8, dbd hishmine, with others having
unchanged or even increased concentratibigsd2g-i). This mirrors previous findings showing
variability in blood IL-8 concentrations in humans who lost weight!217.218We then compared
changes in blood CXCL2 and4& 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
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comparing Homeostatic Model Assessment for Insulin Resistance (HB)®alues and
plasma CXCL2 concentrations of patients with obesityié).e, Simple linear regression
comparing HOMAIR values and plasma {8 concentrations of patients with obesity14).f,
Simple linear regression comparing HOMR values and plasma histamine concentrations of
patients with obesitynE14).g, ELISA quantification of plasma CXCL2 concentrations in
patients with obesity before and after weight loss via 12 weeks edatovie diet (LCD) §=12).

h, ELISA quantification of plasma H8 concentrations in patients with obesity before and after
weight loss §=12).i, ELISA quantification of plasma histamine concentrations in patients with
obesity before and after weight loss=(2).], Simple linear regression comparing percent
weight loss and percent change in plasma CXCL2 concentration in patients with obesity after
weight loss §=12).k, Simple linear regression comparing percent weight loss and percent

change in plasma B concentration in patients with obesity after weight los<sl®). Lines
indicate the mean value + s.d. Rlivalues are depicted and were obtained using adex
We | cthedt somparing lean controls to patients with obesitypo@ndc), or a paired-test @,

h andi), or a simple linear regressioa, €, f, jandk).

3.4 Discussion

We investigated a variety of different murine weight loss models to survey their effects
on obesityassociated myelopoiesis. We found that diet switching had an observable effect on the
BM and resulting inflammatory readoutshile semaglutide, sleeve gastrectomy, and calorie
restriction did natFollowing 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. Thissaaecause diet switchiragonelowered
serum endotoxins, which caused ATMs to lower their expressiGxa®, thus abrogating the
migration of neutrophils out of the BMhis 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

88



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 obesitgnd 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 effedtimg-termweight loss

method in humansas it requires a high amount of effort to sustain and can be unpleasant to cope
with?® and eventually leads to plateaued weight'f§s§his 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 -Gt high
high-calorie diet to gemate obesity, removal of that diet unsurprisingly leads to resolution of
obesityassociated complications since it essentially resolves obesity.

Thus, we chose to also investigate several other models of weight loss that attempt to recapitulate
other aspects dfuman weight loss. Semaglutide, a GLIreceptor agonist, is now commonly
prescribed to patients with obesity to lose weight st pati ents can achieve
using this drug for 20 or moreweésl n DI O mi ce, ©020% weight | oss
weeks of using the drégf, 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 meth8dSG produces effective and sustained weight loss in humans,
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with most patients losing 280% weight over the long tefit. DIO mice that receive SG also

lose a similar amount of weight; however, they begin to regain weight witBiwdeks after the
procedure, a notable difference from huniahdhe 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 didiased method of weight losemmonly 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 hum@msinduces less weight loss than DS,
and the miceds weights ev &hThisaddél of wegightdossésa u, s i
again limited by its reliance on a higgt, high-calorie diet, as humans that undergo calorie

restriction to lose weight often also choose to alter the composition of their diet &8 well

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 obesigsociated 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 DS*2 DS was associated with reduced serum LBP concentrations andCA€I
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 Cxcl2expression, which explains why they did not resolve BM myelopoiesis despite the

mice losingweight. These models all continued to eat HFD throughout their weight loss, which
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may explain why endotoxemia was not resohraksibly, the differences in diet between the
different weight loss regiments may explain the differing effects on the bone maisw.

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 theseservations

3.4.3 Weight loss does not resolve adipose tissue inflammation

The findings presented here mirror what has previously been repofieth mice and humans:
after weight loss, the AT remains inflani&&P® 13 Here, we present evidence that this sustained
inflammation is due to persistent myelopoiesis in the Biven the DS mice, which had partial
recovery of the obesigissociated BM phenotype after weight loss, had elevated frequencies of
myeloid cells in the gWAT compared to lean contrdlsis suggests that AT inflammation is
refractory to weight loss, and thsassociated with persistent changes to the BM induced by
obesity. It is possible th#twe allowed the mice to maintain their lowered weightddog

enough, we may see resolution of AT inflammation. In fact, ATM content fluctuates during
weight loss, due to dynamic responses to lipolysidowever, 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 conteH®.

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 patientebétity is elevatéé?,
which suggests increased myelopoiesis by the BM. This was confirmed by one study that

performed scRNAseq on HSPCs isolated from lean and obese humans and found an increased
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frequency of myeloid progenitagS. 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 soughtitovestigate markers of neutrophil recruitment in humans

with obesity as a proxy to study the BWe found that markers of neutrophil recruitment are

el evated in patients with obesity, anar do not
findings we in mice, suggesting that neutrophil recruitment could be driving myelopoiesis in

humans with obesity as well, even after weight. 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 olassibciated 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 endotoxemgabsbciated 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 driveflammation. 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 inflamony and metabolic
outcomesAs 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
performed the analysis and created the figures. This chapter is part of a manuscript that | wrote
with assistance and review from T.C.W., A.F., E.P., and Rhk.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 accumiranetabolic tissues such at
the adipose tissue (AT) and contribute to metabolic dysfundtieatrophil 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 obgscare, does not resolve obesdysociated 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 ofthe CXCR1/CXCR2 dual inhibitor S&82 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 inhibitore itréatment of obesity.
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4.2 Introduction

The BM hematopoietic systeaontinuously 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 ouput. This flexibility requires an array of different activation and suppression
mechanisms that govern the cycling and differentiation of hematopoietic stem and progenitor
cells (HSPCSY4 For example, HSPCs express several different receptors which recognize
pathogens, and can halt or accelerate production of immune cells depending on the signals they
receivé?®. Demandadapted 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 progfessexample,
inflammatory arthritis causes the hematopoietic system to increase its output of myeloid cells
due to high concentrations ifflammatory cytokinesecreted by inflamed joirfs. The
increased abundance of myeloid cells in the circulation causes accumulation of the cells in the
joints, which exacerbate inflammation thereileutralization of inflammatory cytokines reduced
BM output of myeloid cells, leading to improvement in join inflammation.

Obesity is aotherstate of chronic sterile inflammation that causes the hematopoietic
system to skew its output towards myelopoiesis, which causes an accumulation of myeloid cells
systemically**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/CXCR?2 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 Hd¢ " mice HFD for 16 weeks to induce DIO, and then switched them to HFD
containing the CXCR1/CXCR2 dual inhibitor $82 (herein referred to as SXFD) or
continued them on HFD for 4 more weeksgy( 24a). Switching mice from HFD to SXKFD did

not change their food intake, and they still consumed the same amount of food-ésd-tieDtrols

(Fig. 24b-c). There was no significant difference time average weights of mice fed $¥D
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-BKD does not alter their adiposity.
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Figure 24: SX-HFD feeding does not alter the weight or body composition of DIO
mice.
a, Experimental design of S&82 treatment on DIO mice. Littermate Kiémice were
randomly assigned to LFD or HFD group for 16 weeks, then half of the HFD group were

randomly assigned to be switched to-BKD for a remaining 4 weeks£16 mice per diet, pool

of 4 experimentsh, Weekly mass of food eaten by $X¥D mice before and after being

switched from HFD to SXHFD. ¢, Weekly mass of food eaten by HFD or-$%D mice after

SX-HFD mice were switched to SMFD. d, Plot of weekly mass of mice on LFD, HFLx, 8X-

HFD. e, Representative MRI images of HFD and-8KD mice.f, Volume of fat and lean mass

from MRI scansmonocytes in the bloodh£8 mice per group, pool of 2 experiments). Lines

indicate the mean value + SEM. Alvalues are depicted and were obtained using advex

We | ctheét ¢b andc), corrected for multiple comparison using the Benjamini, Krieger and

Yekutieli method {).
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Mice fed SXHFD had an increased number of Hdeutrophils in the BM and a reduced

number in the blood and gWAT compared to HFD contiieig. 25a-c). Inhibiting neutrophil
migration increased the concentration of histamine in the BM, which decreased the percent of
activated HdAtHSCs and number of GMPBEi{. 25d-f). Mice fed SXHFD 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@823g.

250). Together, these thaindicate 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.
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Figure 25: SX-HFD inhibits neutrophil egress from the BM and reduces

myelopoiesis.
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a, FACS quantification of the number of Hdeeutrophils in the BMb, FACS quantification of
the number of Hdcneutrophils in the blood:, FACS quantification of the number of Hdc
neutrophils in the gWATd, ELISA quantification of the concentration of histamine in the BM.
e, FACS quantification of the number of GMPs in the BIVFACS quantification of the
frequency of CD3%Hdc" HSCs in the BMg, FACS quantification of the number of monocytes
in the blood. Lines indicate the mean value = s.dPAlblues are depicted and were obtained
usingaBrownFor syt he and Wel ch ANOVA test waglh.h Dunn

4.3.2 Inhibiting neutrophil migration during DIO reduces adipose tissue inflammation,

fibrosis, and insulin resistance

We found that DIO mice fed SMFD had fewer overall ATMs in the gWAT, and less of those
ATMs were BMderived CD11tATMs compared to HFD control&ig. 26a-c)?%% gWAT

isolated from SXtreated mice also had less collagen content than HFD mice, indicating reduced
fibrosis Fig. 26d-e). Additionally, SXHFD mice had reduced serum concentrations of the
inflammatory chemokines 6 and MCPL1 (Fig. 26f-g), and reduced gWAEVF expression of
inflammatory genes such asfaandSerpinel(Fig. 26h), likely due to reduced ATM content

and localized inflammation. SMFD 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 sensitivityKig. 261). Finally, we found that SX{FD mice had improved

glucose tolerancd~(g. 26j-k). These findings suggest that reduced myelopoiesis +H1BX

mice lowered the availability of mono®g 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.
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