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Lay Abstract 

High levels of inflammation in the absence of infection or injury, as occurs in obesity, can 

increase an individual’s susceptibility to developing chronic disease (e.g. diabetes, heart 

disease). Inflammation changes numbers and functions of immune cells like monocytes 

and macrophages. Inflammation is influenced by biological sex, and increases naturally in 

pregnancy and with age. The goal of this thesis was to characterize how inflammation 

affects monocyte and macrophage numbers and functions within the blood and the gut, 

which may contribute to risk of chronic disease. We identified that obesity alters 

monocytes within the blood of young individuals and in pregnancy, but reduction of 

inflammation in obesity had distinct effects in males and females. We also found that 

obesity, pregnancy, and aging cause different changes to macrophages in the gut. These 

findings suggest that monocytes and macrophages have altered numbers and functions 

under different biological conditions associated with inflammation. 
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Abstract 

Inflammation is a complex biological response required to maintain homeostasis, but 

chronic inflammation increases risk of morbidity and mortality. Monocytes and 

macrophages often contribute to pathology in chronic inflammatory disorders. We 

hypothesized that chronic inflammation alters peripheral monocyte and intestinal 

macrophage prevalence, phenotype, and functions. We predicted these effects are 

modulated by different biological conditions, and they can be mediated by TNF and the 

intestinal microbiota. In Chapter 3, we investigated peripheral blood immune cell 

quantities (immunophenotype) under conditions of homeostasis. We observed that the 

female reproductive cycle did not have a significant effect on immunophenotype, though 

there were sex differences. In Chapter 4, we examined the relationships between 

adiposity, chronic inflammation, circulating monocytes, hyperglycemia, and 

hyperinsulinemia, in male mice. We found that increased circulating Ly6Chigh monocytes 

correlated with insulin resistance, and that this was mediated by TNF. In Chapter 5, we 

observed in non-pregnant female mice that there were temporal effects of obesity on 

peripheral blood immunophenotype, with an increase in Ly6Chigh monocytes. Pregravid 

obesity altered immunophenotype at mid-pregnancy. In late pregnancy, removal of TNF 

did not prevent obesity-associated changes to immunophenotype. Excess gestational 

weight gain also influenced peripheral immunophenotype in lactation. In Chapter 6, we 

found that obesity altered ileum and colon CD4-TIM4-, CD4+, and CD4+TIM4+ 

macrophage numbers, phenotype, and cytokine production, in a temporal and tissue-

specific manner. Neither peripheral nor intestinal effects of obesity in non-pregnant 
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female mice were mediated by TNF. We identified that there were microbiota-associated 

and age-associated effects that contributed to changes in colon macrophages between 

young and old mice. Obesity, excess gestational weight gain, and biological aging had 

different effects on intestinal macrophage populations. This research provides a better 

understanding of how peripheral monocytes and intestinal macrophages change in 

response to inflammation under different biological conditions across the life course.  
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Chapter 1. Introduction 

1.1 Inflammation 

Inflammation is a biological response by host soluble and cellular mediators that 

provides defense against pathogens and is necessary for many physiological processes, 

but in itself has the potential to cause tissue damage and disease1. Inflammation is 

instigated in response to perturbations of homeostasis, and involves complex immune-

mediated processes that coordinate to restore balance. The magnitude of the response is 

dependent on biological sex, age, and genetics, as well as an individual’s health status, 

and all of these factors also influence homeostasis in the absence of inflammation1, 2. 

Inflammation is characterized as having an acute or chronic duration.  

Acute Inflammation 

Acute inflammation is a strong but self-resolving response to injury or infection. 

Classical clinical symptoms of acute inflammation include redness and swelling, with 

heat, pain, and loss of function. Acute inflammation elicited by an infectious 

microorganism activates innate immune cells, such as tissue-resident macrophages, which 

produce chemokines (to recruit additional immune cells) and cytokines (to activate and 

instruct immune cells)2. Macrophages often phagocytose pathogens to separate them from 

the environment and cause cell death1. The acute inflammatory response may also induce 

host hyperglycemia and peripheral insulin resistance, which support macrophage 

metabolic and functional reprogramming3, 4. Innate immune cell recruitment and 

antimicrobial activities are usually sufficient to eradicate the infectious agent, and this 

non-specific acute response also provides time for the generation of a pathogen-specific 
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response by adaptive immune cells (i.e. T cells, B cells, and antibodies), should the innate 

immune response be insufficient.  

The soluble effector products secreted by immune cells during the inflammatory 

response do not differentiate between target pathogens, infected cells, or bystander host 

cells, so uninfected host cells in the proximity can become damaged5. Too little 

inflammation can be ineffective, allowing the pathogen to spread beyond its initial site of 

infection, and too much inflammation can result in septic shock2, 5. However, as acute 

inflammation is generally highly controlled and self-limiting, the benefits usually 

outweigh the consequences of short term repairable damage. Tissue repair mechanisms 

are therefore a crucial component of the protective acute inflammatory response. Just as 

macrophages are involved in the initiation of the inflammatory response, they are also 

involved in its resolution, removing dead cells, secreting anti-inflammatory cytokines, 

and facilitating tissue remodelling and repair6, 7, 8.  

While inflammation is classically considered to be initiated in response to 

pathogens, innate immune cells respond to the presence of diverse exogenous or 

endogenous factors including pathogen-associated molecular patterns (PAMPs, e.g. LPS, 

LTA, peptidoglycan, flagellin) derived from pathogens or commensal bacteria9, 10, non-

microbial exogenous factors like allergens and toxins1, 11, or damage/danger-associated 

molecular patterns (DAMPs, e.g. fibrinogen, ATP, HSPs, DNA, histones, defensins) 

derived from host cells12, 13. PAMPs and DAMPS bind to pattern recognition receptors 

(PRRs, e.g. TLRs, NLRs, RLRs, RAGE, and C-type lectin receptors) present on innate 

immune cells10. PRR binding activates transcriptional and post-translational changes that 

lead to the release of chemokines and cytokines that promote leukocyte recruitment and 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

3 
 

activation. DAMPs are often nuclear or cytosolic molecules released from host cells in 

response to trauma, stress, hypoxia, and/or functional dysregulation10, 12. A self-limiting 

localized DAMP-driven inflammatory response (often referred to as ‘sterile’ or ‘non-

infectious’) can be used to recruit immune cells, without eliciting clinical signs of an 

infection-driven inflammatory response, to facilitate tissue repair and maintenance.  

Chronic Inflammation 

Chronic inflammation occurs when the inflammatory trigger, whether PAMP, 

DAMP, or another factor, is not removed. As homeostasis is continually disturbed, there 

is sustained activation and recruitment of immune cells to the site of inflammation, 

without resolution. Although this inflammation is generally of lower magnitude than in an 

acute response, sustained immune activation can result in local pathology from cellular 

damage and/or restructuring of tissue (i.e. fibrosis, formation of granulomas and/or 

tertiary lymphoid tissues)14, 15, 16, as well as spread to have a multi-organ and systemic 

impact, leading to dysregulation of immune and metabolic signalling pathways4. Chronic 

inflammation may potentially alter hematopoiesis17, epigenetic regulation18, 19, 20, and 

trigger cellular senescence21, which interferes with acute inflammatory responses to 

pathogens, immune tolerance, and tissue maintenance. Chronic inflammation is therefore 

a serious complication of infection with pathogens that are not effectively removed by an 

acute response, including HIV and Mycobacterium tuberculosis15, 22, 23. Sterile chronic 

inflammation, and its alterations to monocyte and macrophage numbers and functions, are 

associated with a plethora of diseases including obesity24, 25, but are also a component of 

biological aging26, 27, and sterile inflammation also accompanies normal maternal 

adaptations in pregnancy28, 29. 
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Inflammation in Obesity 

The World Health Organization reported in 2016 that globally at least 1.9 billion 

adults were overweight (~39% of the global population) and 650 million were obese 

(~13% of the global population), and these numbers are only expected to rise30. Adults 

with a body mass index (BMI) of 18.5-24.9 kg/m2 are defined as being a healthy weight, 

25-30 kg/m2 are overweight, and those with a BMI >30 kg/m2 are obese31. Obesity can 

lower health-related quality of life32, 33 and its comorbidities pose a serious personal and 

financial cost to individuals, their families, and the health care system34, 35, 36. Obesity is a 

risk factor for other chronic inflammatory disorders including type 2 diabetes, 

cardiovascular disease, and non-alcoholic fatty liver disease37, 38, musculoskeletal 

disorders (from increased stress on tendons and joints)39, neurological disorders40, 41, 

certain cancers and their metastasis (i.e. endometrial, ovarian, breast, liver, gallbladder, 

kidney, colon)42, 43, as well as reduced vaccine efficacy44, 45, all of which contribute to 

increased risk of morbidity and early mortality31, 46. While there is increasing recognition 

that improvements in physical and mental health and well-being, not only weight loss (i.e. 

by changing diet and physical activity), are important in management of obesity as a 

complex chronic disease47, 48, a better understanding of the biological premise of obesity 

is of immediate importance to gain insight into causality to design approaches for 

intervention.  

Obesity fundamentally occurs from a long-term imbalance between energy intake 

and energy expenditure. The etiology of obesity is multifactorial, as genetic, 

environmental, sociocultural, endocrine, neurological, microbiota-associated, and other 

modifiable and non-modifiable risk factors, have been identified25, 46. Obesity is 
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characterized by an expansion of adipose tissue by hypertrophy (adipocyte expansion due 

to accumulation of triglycerides) and hyperplasia (adipocyte proliferation)49. This 

remodelling of adipose tissue is accompanied by an accumulation of pro-inflammatory 

macrophages50, 51, which are activated by an unknown inflammatory signal. These 

macrophages are derived to a small extent from local proliferation and resident 

hematopoietic stem cells50, 51, 52, 53, but most are recruited from circulating monocyte 

precursors54, 55, 56, 57. Adipocytes, and to a greater extent pro-inflammatory macrophages, 

promote a chronic inflammatory response within adipose tissue by secreting pro-

inflammatory cytokines including TNFα, IL‐6 and IL‐1β, as well as chemokines to recruit 

additional monocytes and other immune cells into the expanding adipose tissue50, 55, 56, 58, 

59, 60. Macrophages can act as antigen-presenting cells and promote T cell proliferation 

and Th1-type pro-inflammatory cytokine responses61. Macrophages also facilitate 

activation of evolutionarily conserved IKK62, JNK63, PKR64, and Wnt65, 66 signalling 

pathways in adipocytes and immune cells, which initiate transcription of pro-

inflammatory genes, and suppress genes that contribute to control of cellular 

metabolism67. Continued pro-inflammatory cytokine production and local immune and 

metabolic dysfunction eventually lead to systemic low-grade chronic inflammation, 

insulin resistance, and other features of metabolic syndrome (i.e. hyperglycemia, 

hyperlipidemia, and hypertension)25, 68, 69. 

Most studies of obesity and chronic inflammation focus, understandably, on 

macrophages and other immune cell populations in adipose tissue, as there is a causal role 

of adipose tissue inflammation in systemic inflammation and insulin resistance. However, 

it is clear that there are extensive inter-organ effects of obesity, and that both intra-organ 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

6 
 

paracrine signalling and inter-organ endocrine signalling (i.e. by factors such as tissue-

secreted cytokines70, 71, 72, miRNA-containing exosomes73, 74, LPS75, and free-fatty acids72, 

76) are crucial for the development of systemic inflammation and metabolic dysfunction. 

For example, mouse models of adipocyte-specific gene knockouts can modulate insulin 

resistance in the liver or muscle77, 78, 79, 80, 81, and bacterial products from the gut can enter 

circulation and promote inflammation within other metabolic organs75, 82, 83, 84. 

Accordingly, increased activation of pro-inflammatory signalling pathways and altered 

tissue macrophage populations in the context of obesity have been detected within other 

metabolic tissues including the liver85, skeletal muscle86, pancreatic islets87, the central 

nervous system88, and the gastrointestinal tract89.   

Inflammation in Aging 

Life expectancy at birth in Canada was 80 years for males and 84 years for 

females as of 201790. From 2010 to 2063, the proportion of people over 65 will increase 

from less than 15% to over 25%91. Canadians are living longer, but it is important to 

ensure that individuals also experience healthy aging. In a study examining the global 

burden of disease across 187 countries, while life expectancy increased between 1990 and 

2010, there was also an increase in the number of healthy years lost to disability92.  

From an immunological perspective, aging, like obesity, is characterized by a state 

of chronic low-grade inflammation referred to as ‘inflammaging’26. Inflammaging is 

thought to be the combined effect of lifelong antigenic exposure and normal cellular 

changes with aging. Age-associated inflammation contributes to and is influenced by 

damage to cellular functions (i.e. genomic instability, epigenetic alterations, telomere 

attrition, loss of proteostasis) and antagonistic responses to cellular damage (i.e. 
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mitochondrial and stem cell dysfunction, detrimental changes to nutrient sensing and 

intercellular communication, and initiation of cellular senescence)93, 94. These factors 

contribute to immunosenescence, involving involution of the thymus95, 96 and bone 

marrow97, 98, 99, which decreases naïve T cells and B cells, with concomitant expansion of 

memory and effector T cells100. To contrast, there is an enhancement in bone marrow and 

extramedullary splenic myelopoiesis, leading to a progressive increase of circulating 

neutrophils and monocytes99, 101, 102.  

Age-associated chronic inflammation also influences the ability of the immune 

system to respond to endogenous and exogenous stimuli. Aging does not necessarily 

result in a decline in immune function, but rather a gradual dysregulation of immune 

response efficiency and effectiveness that can result in prolonged inflammation and tissue 

pathology103, 104. Certain responses remain ‘normal’, others are weakened or lost, and 

some are amplified. These changes, in association with chronic inflammation, can impair 

defense against infection105, 106, 107, and efficiency of tissue repair104, 108, and may lead to 

overproduction of inflammatory mediators109, loss of tolerance and recognition of ‘self’ 

leading to autoimmunity110, subclinical persistent infections (e.g. cytomegalovirus)111, 

poor vaccine responses105, 106, and accelerated cellular aging93, 112.  

Age-associated inflammation is a major predictor of morbidity and mortality and 

decreased quality of life27, 106, 112. While even clinically healthy individuals have elevated 

inflammation with increasing biological age, the onset and course of age-associated 

disorders are influenced by levels of circulating pro-inflammatory cytokines, including 

TNF, IL-6, CRP and IL-1β27, 113, 114, 115, 116. Ten-year all-cause mortality is positively 

correlated with serum IL-6 and TNFR1 in older adults117. Consequently, chronic 
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inflammation is a natural biological component of aging, and studying its effects is of 

paramount importance to better understand its contributions to unhealthy aging. 

Inflammation in Pregnancy 

Pregnancy and lactation require extensive and highly coordinated temporal 

adaptations to maternal physiology to ensure adequate nutrient and oxygen supply for 

fetal growth, involving changes to morphology, size, and responsiveness of tissues and 

organs, which alter cardiovascular, pulmonary, musculoskeletal, gastrointestinal, 

metabolic, and immune functions118, 119, 120, 121, 122, 123. These adaptations start early in 

pregnancy and continue throughout lactation, and are mediated by placentally-derived 

hormones, including prolactin and placental lactogen, sex hormones like estradiol and 

progesterone, and neuropeptides including serotonin, melatonin and oxytocin124, 125, 126. 

Placental cytokines, soluble HLA-G, and placental extracellular vesicles like exosomes, 

microvesicles, and microparticles, are also mediators of maternal adaptations28, 29, 127. 

These antigenically ‘foreign’ fetal/placental-derived factors have the potential to elicit a 

maternal inflammatory response. 

The pioneering transplantation researcher Peter Medawar recognized that 

pregnancy represents a complex immunological paradox, in which the maternal immune 

system must continue to provide protection from foreign pathogens yet tolerate the semi-

allogeneic fetus for 40 weeks128. Maternal immunological adaptations to pregnancy 

involve extensive local and systemic immunomodulation, not suppression, of immune 

responses. These adaptations are temporally regulated and integrate signals from the 

mother, the fetus, and the environment120, 129, 130. Controlled inflammation is therefore a 

crucial component of normal maternal pregnancy and lactational adaptations. Local 
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immunomodulation at the maternal-fetal interface in early pregnancy involves an 

inflammatory response in the uterus131, 132, 133, with recruitment of leukocytes, such as 

monocytes, to assist in implantation, remodelling, growth, and differentiation of maternal 

endometrial tissue into the decidua, as well as the development of the placenta134, 135. 

Subsequently, maintenance of an anti-inflammatory region at the maternal-fetal interface 

is necessary to ensure maternal tolerance for fetal growth and development136, 137. In the 

late third trimester, a localized inflammatory response is involved in parturition138.   

The kinetics of circulating immune cells and systemic inflammation change 

throughout pregnancy in a chronological manner120, 129, 130, 139. Longitudinal studies of 

peripheral whole blood have reported that expression of genes and proteins related to the 

host immune response continuously increase from week 10 through to week 40 of 

pregnancy140, 141. This is in agreement with studies reporting increases of peripheral 

maternal/placentally-derived cytokines including IFNγ, IL-6 and TNF120, 142, 143, 144, as 

well as fetal cells145, 146, and other placental particles (e.g. microvesicles and 

exosomes)147, 148, across gestation. These changes result in a state of gradually increasing 

maternal systemic sterile inflammation, and elevation of circulating innate immune cells 

with enhanced phagocytic activity, activation, and pro-inflammatory cytokine 

production130, 139, 142, 144, 149, 150, 151, 152, 153, 154, 155. This state of cellular inflammation is not 

dissimilar in some respects to that observed in non-pregnant women with acute 

inflammatory sepsis142. However, this maternal inflammation does not cause harm. 

Rather, it seems to be a necessary physiological adaptation. An increase in systemic 

maternal inflammation augments innate immune defense against pathogens, and is 

thought to facilitate tissue remodelling and changes to maternal metabolism, perhaps by 
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activation of inflammatory pathways to induce insulin resistance28, 29, 156. This systemic 

inflammation, with features of both acute and chronic inflammation, is confined to the 

period of pregnancy and possibly lactation, though limited data exist regarding 

inflammation during lactation. However, this inflammation must be balanced against 

other pregnancy adaptations and maternal-fetal tolerance, so pre-existing chronic 

inflammatory disorders, including obesity, have a detrimental impact. 

Globally, over half of women enter pregnancy overweight or obese35, 157, and/or 

gain excess gestational weight158. A study that included over 500 women from 

Southwestern Ontario, including clinics in Hamilton, found that over half of women gain 

more weight than is medically recommended during pregnancy159. Epidemiological data 

supports a synergistic relationship between obesity and pregnancy, as women with 

pregravid obesity are more likely to develop metabolic complications like gestational 

diabetes mellitus (GDM), as well as complications antenatally (e.g. congenital 

abnormalities, pre-eclampsia, pre-term birth), intrapartum (e.g. stillbirth, surgery), and 

postpartum (e.g. hemorrhage, infection)160, 161, 162, 163. Pregravid obesity is associated with 

an increased maternal and child lifelong risk of obesity, as well as cardiovascular, 

neurological, and metabolic disorders, often associated with chronic inflammation164, 165, 

166, 167, 168. The mechanisms by which obesity has negative impacts on maternal and child 

health remain poorly understood. 

From a metabolic perspective, early pregnancy adaptations in healthy individuals 

promote an anabolic state, involving an increase in maternal pancreatic β-cell mass, 

lowering the threshold for glucose-stimulated insulin production, and increasing 

circulating insulin levels125, 169, 170, 171, as well as augmenting lipid storage in adipose 
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tissue, leading to an increase in body weight and adiposity172, and accumulation of 

glycogen in the liver171, 173. There is a gradual increase in maternal appetite despite 

elevation of circulating levels of leptin and insulin169, 174. In the latter half of pregnancy, 

there is a partial reversal of earlier adaptations, including a decrease in maternal insulin 

sensitivity in liver, skeletal muscle, and adipose tissue, as well as an increase in hepatic 

gluconeogenesis and adipose tissue lipolysis, to maximize glucose and lipid availability 

for the fetus125, 126, 170, 171.  

When women are overweight or obese prior to pregnancy, or gain excess weight 

during gestation, crosstalk between maternal and placental cytokines and other endocrine 

and immune signalling factors appears to become dysregulated28, 29, 175, 176, 177, 178, 179, 180. 

In obese women and experimental animals, the metabolic responses to pregnancy are 

often exaggerated, with a greater degree of hyperglycemia and hyperinsulinemia in late 

gestation181, 182, 183. Research suggests that pregnancy in obese individuals, similar to the 

obese non-pregnant state, increases circulating pro-inflammatory cytokines and 

chemokines184, 185, 186, and adipose and placental tissue inflammation175, 178, 179, 187, 188, 189. 

Therefore, pre-gravid obesity and/or excess gestational weight gain may dysregulate 

maternal physiological, metabolic, and immunological adaptations, with the potential for 

lifelong detrimental effects on maternal and child health. 

 

1.2 Macrophages 

Macrophage Discovery and Functions 

Elie Metchnikoff described macrophages in 1892 after he inserted thorns into 

starfish larvae and observed cells that surrounded and engulfed the foreign material190. 
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Metchnikoff’s later research identified that macrophages internalize and kill bacteria as 

part of the host defense against pathogens, eliminate vestigial cells in embryogenesis, and 

maintain tissue homeostasis through phagocytosis of senescent and damaged host cells191, 

192, 193, 194. He also recognized that macrophages could recruit other leukocytes to sites of 

tissue injury or infection. Macrophages are now recognized as innate immune cells that 

are found in the majority of tissues in the body.  

The importance of macrophages in host homeostasis and the inflammatory 

response is clear from their high conservation across species, despite having evolved over 

500 million years ago195. However, macrophages also exhibit considerable heterogeneity 

in their functions and regulation. They sense and respond to microenvironment cues 

including metabolic changes, tissue damage, and microorganisms, while supporting 

surrounding cells and tissue structures. Macrophages are multitaskers, and perform a 

variety of functions including those described by Metchnikoff in the inflammatory 

response (e.g. phagocytosis, secretion of soluble mediators of inflammation (i.e. 

cytokines and chemokines, NO and ROS), antigen presentation, and lymphocyte 

activation), resolution of inflammation and routine tissue maintenance (e.g. phagocytosis 

of apoptotic and necrotic cells and cellular debris, and production of factors to promote 

tissue proliferation, remodelling, and angiogenesis), and/or regulation of vascular, smooth 

muscle, and neuronal networks195, 196. Mice with systemic genetic knockout of 

macrophage growth and differentiation factors, such as CSF1, have severe developmental 

defects within organs, tissues, and bone marrow197, 198, 199, 200, 201. Therefore, macrophages 

have diverse and critical tissue-specific roles in homeostasis, as well as in initiation and 

resolution of the acute inflammatory response to pathogens. 
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Macrophage Ontogeny – RES and MPS 

In the early 20th century, over 30 different names were used to identify 

phagocytic cells, in part due to their diverse morphologies and tissue localization within 

anatomically distinct locations. Karl Albert Ludwig Aschoff proposed in 1924 that 

mononuclear phagocytic cells, like monocytes and macrophages, could be classified 

within a Reticuloendothelial System (RES) by their appearance after staining with various 

histological dyes202. The RES proposed that phagocytes and endothelial cells shared a 

common tissue-derived progenitor. However, it became apparent that the morphology and 

functions of cell populations within the RES were highly heterogeneous203, 204. In 

addition, subsequent in vivo studies of radioisotope labelling, monocyte transfer, 

parabiosis, and radiation chimeras, and in vitro studies of blood monocyte differentiation, 

showed that circulating monocytes could extravasate and differentiate into tissue 

macrophages203, 205, 206, 207, 208, 209.  

A new classification system, the Mononuclear Phagocyte System, was developed 

in 1972. The premise of the MPS was that adult tissue macrophages are continuously and 

solely replenished by bone marrow-derived monocytes that infiltrate and differentiate into 

macrophages incapable of proliferation205. The MPS proposed that hematopoietic stem 

cells in the bone marrow differentiate into precursors of mononuclear phagocytes, and 

then circulating monocytes, which are precursors for tissue macrophages. However, 

Metchnikoff had noted far earlier that phagocytes were present in starfish embryos190, and 

this was later also observed in mouse embryos210, implying an origin independent of 

blood monocytes, but neither the RES nor MPS fully explained this observation.  
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Macrophage Ontogeny – MPS, Embryonic Origins and Core Programming 

In the past decade there has been a reconsideration of tissue macrophage 

ontogeny. Using a combination of parabiosis, genetic fate mapping, chemical or antibody-

based depletion methods, radiation chimeras, adoptive transfer, and Cre-recombinase 

lineage tracing techniques, researchers have conclusively shown that most adult tissues 

contain a significant proportion of long-lived macrophages of embryonic origin, derived 

from the fetal yolk sac or fetal liver, that may be maintained through self-proliferation211, 

212, 213, 214. These tissue macrophages seed the entire embryo in utero once the circulatory 

system is established. While an embryonic origin of macrophages is in opposition to the 

MPS205, most adult tissues also contain macrophage populations from blood monocytes 

derived from bone marrow after birth214.  

There are temporal and spatial components to the post-birth accumulation of bone 

marrow monocyte-derived macrophages in tissues under homeostasis. Most tissues have 

mixed populations of macrophages of distinct ontogeny, with specific tissue niche 

requirements for monocyte recruitment and tissue-resident macrophage self-renewal214. 

Adult tissues have macrophage populations that are not replenished by steady-state 

monocyte recruitment (e.g. microglia of the brain215, 216, 217, alveolar macrophages of the 

lungs218, 219, 220, Langerhans cells of the epidermis221, 222, 223, certain cardiac 

macrophages224, 225, 226, and Kupffer cells of the liver227, 228, 229), macrophages replaced by 

low steady-state monocyte recruitment (e.g. pancreas230, heart224, 226, kidney231, spleen228, 

229, peritoneum232), and other tissues have fast steady-state replenishment of some 

macrophage populations by monocyte recruitment (e.g. dermis233, 234, gut235, 236). 
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Comparative transcriptomic studies of tissue macrophages led by the 

Immunological Genome Project Consortium have identified core or lineage ‘macrophage 

programming’ genes and accompanying transcription factors237, 238, 239, 240, 241, 242. These 

lineage-determining transcription factors mediate gene expression of common 

macrophage surface markers (e.g. CD64, F4/80, MerTK, CSF1R), and expression of 

genes required for common macrophage functions, such as phagocytosis. This 

programming is thought to help macrophages of bone marrow origin acquire the same 

tissue niche-specific functional specialization, transcriptional profiles, enhancer 

landscapes and epigenetic regulation (i.e. through DNA methylation, chromatin structure, 

and histone modifications), and self-maintenance capacity, of the embryonic origin tissue-

resident macrophages that they may replace212, 218, 238, 239, 243, 244, 245, 246, 247. These findings 

have been corroborated with whole-tissue transplantation studies, which have shown that 

macrophages within donor heart248, liver249, and lung249, 250 tissues can self-maintain for 

years, though there is gradual replacement with recipient monocyte-derived macrophages. 

Studies on peritoneal macrophages suggest that biological sex may influence the 

composition of adult and embryonic origin tissue macrophage populations232.  

Comparative transcriptomic studies also highlighted significant differences in 

macrophage gene expression between tissues, irrespective of embryonic or monocyte 

origin, suggesting that local environmental stimuli are crucial in modulating macrophage 

fate in addition to transcription factors and enhancers that control conserved macrophage 

programming212, 239, 240, 242, 243, 245, 251. Environmental stimuli include any entity that is 

capable of being ‘recognized’ by a macrophage, including immune complexes, apoptotic 

cells, oxygen and nutrients, glucocorticoids, growth factors, hormones and cytokines, 
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microbes and microbial products, and nucleotide derivatives. Macrophage interactions 

with surrounding stromal, epithelial, or endothelial cells, and the size and structural 

complexity of the tissue itself, also influence their characteristics211, 252.  

Accordingly, when isolated and cultured, tissue macrophages rapidly lose their 

tissue-specific transcriptomic signatures and phenotype245. This transcriptional plasticity 

has also been confirmed by in vitro experiments polarizing macrophages to pro-

inflammatory or anti-inflammatory states and vice versa253. Transplanted healthy 

macrophages or bone marrow progenitors can fulfill tissue-specific functions in treatment 

of mouse models of hereditary pulmonary alveolar proteinosis254, 255, further supporting 

the concepts that local immune cell and tissue-derived factors, and cell-cell interactions, 

regulate macrophage population recruitment, prevalence, proliferative capacity, and 

heterogeneous functions, between tissues and within tissue-specific niches211, 252. 

However, it is important to note that adult and embryonic origin macrophages may have 

different functions during homeostasis or inflammation within the same tissue, as has 

been reported from studies of cardiac macrophages224, 225. 

Macrophage Identification 

Macrophages are classically described in mice as being F4/80+ sessile 

mononuclear cells that contain an abundant cytoplasm with large vacuoles and lysosomal 

granules256. In vitro studies of bone marrow-derived macrophages showed that 

macrophage phenotype and activation (as indicated by changes in cytokine production) is 

altered in response to cytokines like IFNγ, IL-4, or IL-13257, 258, 259, bacterial products like 

LPS260, growth factors like GM-CSF or CSF1261, hormones261, and manipulation of 

cellular metabolism257, 260, 262. These studies led to the widespread use of descriptors of 
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macrophage activation including M1/M2, pro-/anti-inflammatory, classical/alternate, 

‘metabolically activated’, or subdivisions thereof, according to experimental 

procedures263. While the M1/M2 dichotomy is ubiquitous in scientific literature, it has 

been increasingly acknowledged by the research community that tissue macrophage 

characteristics are quite different in vitro compared to in vivo263, 264, 265. Moreover, these 

classification schemes were defined prior to the consensus that most tissue macrophage 

populations are of mixed embryonic and adult bone marrow origin. 

Genome-wide transcriptional profiling techniques, multiparameter flow cytometry 

analysis, and histological and intravital imaging techniques, in addition to identifying 

core genes and functions, have recently revealed unique surface markers and 

morphological characteristics that can be used to identify and differentiate macrophages 

in distinct anatomical locations237, 240, 241, 242, 244, 266, 267, 268. Simultaneously, there has been 

more consideration of environmental signals that may influence tissue macrophage 

characteristics and maintenance, as well as metabolism. As a consequence, there has been 

more focus on tissue-specific identification of phenotype and functions of macrophage 

populations in homeostasis and disease, while acknowledging macrophage ontogeny and 

the monocyte origins of adult bone marrow-derived macrophages. 

 

1.3 Monocytes 

Monocyte Discovery and Ontogeny 

The word ‘monocyte’ was coined by Artur Pappenheim 110 years ago to describe 

a non-granular phagocytic mononuclear cell population in blood smears269. Monocytes 

are now often characterized as innate immune cells that arise from hematopoietic 
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progenitors within the adult bone marrow, egress into peripheral blood, and replenish 

tissue macrophage populations196. Following the MPS, within the bone marrow a 

Common Myeloid Progenitor (CMP), from an unidentified hematopoietic stem cell 

(HSC) precursor, is thought to give rise to all myeloid cell lineages (Figure 1.1).  

The general hierarchy of differentiation is: HSC to CMP to granulocyte-monocyte 

progenitor (GMP) to monocyte-dendritic cell progenitor (MDP) to common monocyte 

progenitor (cMoP) to monocyte270, 271, 272, though there has been discussion as to whether 

MDPs are a distinct population273, and it has been proposed that monocytes arise from 

cMoPs via GMPs, from MDPs independent from GMPs, and/or vice versa214, 274.  

Monopoiesis can be induced under inflammatory conditions within extramedullary sites 

including the spleen, liver, and kidneys101, 275, 276, 277, and there may be preferential use of 

certain monocyte progenitor differentiation pathways under specific conditions of 

Figure 1.1. Myeloid cell differentiation in the steady state.  

As described in the text, monocytes are derived from cMoPs which arise from hematopoietic 

stem cells. Solid lines indicate broadly accepted pathways of myeloid cell differentiation, and 

dotted lines indicate possible other pathways of HSCs to monocytes based on more recent 

publications. CDP – common dendritic cell progenitor; cDC – conventional dendritic cell; pDC – 

plasmacytoid dendritic cell; MP – monocyte progenitor; GP – granulocyte progenitor. 
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infection or inflammation274, 278, 279, 280, 281. Regardless, it is well-recognized that cMoPs 

and monocytes, like macrophages, require epigenetic regulation of their development and 

CSF1R/CSF1 signalling for survival239, 240, 282, 283.  

Monocyte Identification 

In humans, monocytes are typically divided into three subsets: CD14+CD16- 

(classical), which transition into CD14+CD16++ (intermediate), and then CD14-CD16++ 

(non-classical) in the steady state270, 284. Blood monocytes in mice are divided into two or 

three subsets, according to their expression of Ly6C. Specifically, Ly6C+: Ly6Chigh 

(inflammatory) and Ly6Clow (also referred to as Ly6Cint or Ly6Cmid), and Ly6C- (also 

confusingly referred to as Ly6Clow)285, 286, 287. Ly6C+ monocytes have primarily been 

studied by examining the Ly6Chigh subset, but distinct transcriptional control and 

chemotactic and functional responses have been recently described for Ly6Clow 

monocytes270, 286, 288, 289. Ly6Chigh monocytes are often considered phenotypically and 

functionally equivalent to human classical monocytes (CD14+CD16-), while Ly6C- 

monocytes are often compared to human non-classical monocytes (CD14-CD16++)290. 

 Studies of mice and humans have revealed that fetal, neonatal, young and old 

adult monocytes have distinct transcriptional profiles under steady-state conditions, and 

exhibit differential responses to cytokines and microbial stimulation212, 291, 292. In adult 

mice, only ~8% of active genes are differentially expressed between Ly6Chigh and Ly6C- 

monocytes in the steady state286, but each monocyte subset has specific roles in 

maintaining homeostasis, as well as during infection or inflammation. Ly6Chigh 

monocytes have a half-life of approximately 19 hours (overall lifespan of ~4 days), while 

Ly6C- monocytes are retained for ~11 days under steady-state conditions270, 293, 294. Like 
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their bone marrow progenitors, monocytes have a differentiation series from Ly6Chigh to 

Ly6C-, regulated by transcription factors including C/EBPβ286, 295, KLF4296, Notch2297, 

and Nr4a1298, 299. Other studies have proposed that Ly6C- monocytes may also develop 

independently of Ly6C+ monocytes296, 300. The Ly6C+ to Ly6C- transition may occur via 

return of Ly6C+ monocytes to the bone marrow in a CXCR4-regulated manner301, 302, or 

within circulation due to time-dependent loss of bone marrow signalling286, 295, 299.  

Monocyte Movement 

Monocyte egress from the bone marrow, their movement within blood vessels and 

lymphatic vessels, and their extravasation from circulation into tissues, is dependent on 

chemokine signalling and adhesion molecule-receptor interactions. In the steady state, 

Ly6Chigh monocyte retention in the bone marrow is dependent on CXCR4 and CX3CR1
301, 

302, 303, 304, and egress from bone marrow is regulated by CCR2 signalling initiated by 

CCL2/CCL7305, 306, 307, 308. Ly6Chigh monocyte surface expression of CD11b/CD18, 

CD62L, PSGL1, PECAM1, VLA1, and LFA1 facilitates vascular rolling, adhesion, and 

transendothelial migration309, 310, 311. Ly6C- monocytes express low levels of CCR2 and 

their egress from bone marrow is thought to depend on S1PR5312. Ly6C- monocytes 

patrol along the endothelium to survey the luminal surface to scavenge microparticles and 

necrotic debris to help maintain the integrity of the endothelial barrier. This slow crawling 

depends on their expression of CD11b/CD18, as well as CX3CR1-CX3CL1, and LFA-

1/ICAM-1 or LFA-1/ICAM-2 interactions287, 298, 313, 314.  

Monocyte Functions – Steady-State 

Ly6Chigh monocytes are often referred to as ‘classical’ or ‘inflammatory’ 

monocytes. Under conditions of homeostasis, if they do not transition into Ly6C- 
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monocytes, Ly6Chigh monocytes can extravasate into tissues to replenish tissue 

macrophage and dendritic cell populations208, 285, 286, 287. While Ly6Chigh monocytes do not 

interact closely with the endothelium of blood vessels, they can form ‘marginal pools’ in 

vascular beds of peripheral organs, including within the lung, liver, and kidney266, 315, 316, 

317. Ly6Chigh monocytes can also enter lymph nodes and non-lymphoid tissues like the 

lung in a CCR2-dependent manner without differentiation into macrophages in the steady 

state, acting as effector cells or surveillance cells that sample antigens to bring them to 

draining lymph nodes224, 294. 

Ly6C- monocytes are often referred to as ‘patrolling’ monocytes, as under 

conditions of homeostasis they remain within and patrol the vasculature by crawling on 

the luminal side of the endothelium314. They have been identified through adoptive 

transfer experiments to also be present in the spleen, liver, lung, and brain, though they 

are absent from the peritoneum and lymph nodes287. Ly6C- monocytes identify and 

remove damaged cells and debris, oxidized lipids, and potential pathogens, as well as 

promote angiogenesis and endothelial cell proliferation313, 314. Ly6C- monocytes may 

mediate antibody-dependent cellular cytotoxicity as they express Fcγ receptors318. Ly6C- 

monocytes are less proliferative than Ly6Chigh monocytes, and can be recruited to non-

inflamed tissues in a CX3CR1-dependent manner and differentiate into resident 

macrophages270, 289, 313, 314.  

Monocyte Functions - Inflammation 

Monocytes are amongst the first responders to an inflammatory response. When 

tissue homeostasis is disrupted, Ly6C- monocytes arrive within an hour and produce TNF 

and IL-1β314, but they soon afterward change their gene expression to participate in 
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resolution of inflammation in tissues by facilitating wound healing, angiogenesis, and 

tissue remodelling, often differentiating into tissue macrophages with anti-inflammatory 

properties314, 319, 320. CX3CR1/CX3CL1 interaction can mediate recruitment of Ly6C- 

monocytes into tissues during infection and to atherosclerotic plaques321, 322, 323. Ly6Chigh 

monocyte numbers rapidly increase in blood in response to acute infection or injury322. 

Ly6Chigh monocyte recruitment to injured tissue typically occurs within 24-48 hours324, 

though microhemorrhages allow Ly6Chigh monocytes to exit blood vessels within 4 hours 

of injury325. A reservoir of bone marrow-derived circulating Ly6Chigh monocytes is also 

found within the subcapsular red pulp of the spleen in the steady state326, 327. These 

splenic monocytes are recruited to tissues in an Angiotensin II-dependent manner in 

response to inflammation, which is thought to provide time for the initiation of increased 

bone marrow monopoiesis326, 328, 329. Under conditions of inflammation, the CCR2/CCL2 

axis is used for recruitment of Ly6Chigh monocytes, but it has also been reported that 

expression of other chemokine receptors, including CCR1, CCR5, CCR7, CXCL1 and 

CCR8, may control monocyte trafficking to unique tissue sites322. Ly6Chigh monocytes 

may differentiate into tissue macrophages, inflammatory TNF/iNOS-producing dendritic 

cells (Tip-DCs), or other macrophage populations, according to specific cues from the 

tissue microenvironment322, 330, 331. Circulating Ly6Chigh monocytes can also take on 

effector functions in the blood and at peripheral sites throughout the body. Ly6Chigh 

monocytes have phagocytic activity and are sensitive to endogenous and exogenous 

stimuli, producing ROS and pro-inflammatory cytokines including TNF, IL-1β, and 

IFNγ, to propagate inflammatory responses196, 285, 286, 306, 332.  
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Once inflammation is resolved, monocytes that extravasated into tissues may 

undergo apoptosis in the absence of cytokines and growth factors, or may differentiate 

into tissue-resident macrophages208, 270, 272, 322, 333. Inflammation-elicited macrophages 

may similarly undergo apoptosis, or remain within the tissue, especially if tissue-resident 

macrophages have been depleted. Regulation of this process seems to rely on tissue-

specific transcriptional regulation and the type and extent of macrophage depletion, as 

well as whether the depleted macrophages are of embryonic or adult origin214, 224, 240, 334, 

335. Therefore, specific activation signals, in combination with other environmental 

factors, may start the transition from monocyte to macrophage. 

Monocytes and Macrophages in Chronic Inflammation 

As mentioned, peripheral organs and tissues in the steady state have differential 

requirements for monocyte recruitment to replenish resident macrophage populations211, 

214. Some tissues have essentially no monocyte recruitment, while others such as the 

gastrointestinal tract, which has been described as the largest immune organ in the body, 

have rapid recruitment235, 236. The systemic nature of chronic low grade inflammation 

impacts peripheral monocyte characteristics, their recruitment into tissues, as well as their 

differentiation into, and functions as, tissue macrophages. Alterations to peripheral and 

tissue-localized monocyte or macrophage populations have accordingly been implicated 

in the pathology of inflammaging101, 336, 337, and in non-communicable diseases 

characterized by chronic inflammation including autoimmune disorders like multiple 

sclerosis, rheumatoid arthritis, and lupus erythematosus338, localized and metastatic 

cancers339, metabolic disorders including obesity, coronary artery disease, and type 2 

diabetes25, as well as tissue-localized inflammatory disorders like lung fibrosis and 
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inflammatory bowel disease338. Research into the roles of monocytes and macrophages in 

inflammation is essential to understand how chronic inflammation arises, its effects on 

peripheral organ systems, and how it can be treated to reduce risk of disease burden.  

 

1.4 Structure and Functions of the Gastrointestinal Tract 

The gastrointestinal tract comprises the esophagus, the stomach, the small 

intestine, and the large intestine, from the mouth to the anus. Digestion and transcellular 

transport of bile salts, nutrients like proteins, fats, and some vitamins and sugars, occurs 

in the small intestine340, 341, 342, 343, whereas water and electrolyte absorption are primary 

roles of the colon344. The gastrointestinal tract is associated with other organ systems, 

including the liver, pancreas, gall bladder and salivary glands, lymphatics, vasculature, 

and autonomic and sensory neurons, all of which support specialized gut functions345. 

Intestinal function is impacted by changes to any of its supporting organ systems, or 

changes to intestinal epithelium structure or function.  

A single layer of epithelial cells separates the intestinal lumen from the underlying 

lamina propria. Lgr5+ cells interspersed among Paneth cells at the bottom of the crypts 

divide to become proliferating transit-amplifying cells that differentiate into the 

absorptive (i.e. enterocytes) or secretory (i.e. mucus and hormones: enteroendocrine, 

Paneth, tuft, M, and goblet) cell lineages that comprise the intestinal epithelium346, 347, 348. 

The organization of these cells varies according to the region of the gut, to fulfill distinct 

functional requirements. The entire intestinal epithelium is continuously replaced by new 

cells (in the mouse every 3-5 days in the small intestine and every 5-7 days in the 

colon)348, 349. The intestinal barrier must be permeable to essential ions, nutrients, and 
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water, but must restrict the movement of microorganisms, and immune-stimulating 

compounds such as endotoxins, allergens, and antigens345. Molecules and cells that cross 

the intestinal epithelial barrier may have a direct impact on local immune cells and tissue 

structures, or may access lymphatic or blood vessels and travel to other sites in the body. 

Maintenance of the intestinal barrier between the lumen and the lamina propria is 

essential for homeostasis, and there are multiple mechanisms in place to ensure that the 

physical, biochemical, and immunological aspects of the barrier are maintained.  

Intestinal epithelial cells are overlaid with a mucus barrier, preventing direct 

interaction of bacteria with the epithelial cells350. The mucus layer of the small intestine 

contains bicarbonate ions and antimicrobial peptides (e.g. defensins, cathelicidins, 

lysozyme, antimicrobial lectins secreted by Paneth cells), which form a gradient from the 

epithelium to the lumen to trap and kill microbes351, 352, 353. Mucus can also detach to be 

removed from the intestines352, 354. In the colon there are two layers of mucus, and the 

outer layer contains peptides that bind and aggregate commensal bacteria to support their 

production of metabolites like short chain fatty acids (SCFAs) and vitamins352, 355, 356, 357. 

Throughout the intestine IgA secreted by plasma cells also induces aggregation of 

bacteria358, 359, and enzymes like alkaline phosphatase dephosphorylate ATP (high ATP 

inhibits growth of commensal bacteria) and bacterial substrates capable of stimulating 

PRRs on innate immune cells (e.g. LPS, flagellin, CpG DNA)360, 361.  

Transport of molecules across the epithelial layer occurs in three ways: the 

transcellular pathway (passive diffusion across the cell membranes), the receptor-

mediated transcellular pathway, and the paracellular pathway (passive diffusion through 

the spaces between adjacent cells)362. Paracellular movement is regulated by 
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transmembrane or cytoplasmic tight junction proteins (e.g. occludin, claudins, junction 

adhesion molecules) on the apical ends of intestinal epithelial cells (i.e. closer to the 

lumen) that interact with intracellular proteins (e.g. zonulin) attached to the underlying 

actin cytoskeleton, anchoring adjacent cells together362, 363, 364. Epithelial tight junctions, 

along with adherens junctions and desmosomes, seal the paracellular space between 

epithelial cells, preventing bacteria and luminal antigens from entering the lamina 

propria, but selectively allow paracellular movement of nutrients362. Specialized M cells 

and goblet cells within the intestinal epithelium can also facilitate movement of luminal 

antigens and even live bacteria across the epithelial barrier365, 366, 367, 368.  

 

1.5 The Microbiome and Immunity 

In the late 19th century, investigations into the germ theory of disease by Louis 

Pasteur369, and the development of Robert Koch’s postulates370, established that 

microorganisms are the cause of many communicable diseases. It was subsequently 

proposed by Elie Metchnikoff that toxins produced by microorganisms in the intestines 

may contribute to aging, and that manipulating the intestinal microbiota directly, or via 

diet and nutrition, and could improve an individual’s health371. With advances in culture-

independent genomic sequencing methods, combined with refinements of culture-

dependent methods, there has been a more recent expansion of research into the 

composition of the microbiome (the collective genetic material of all microbes, i.e. 

bacteria, viruses, protozoa, archaea, and fungi) and host-microbe interactions. It is now 

well-recognized that microorganisms contribute to host homeostasis, and interactions 

between microbes and the host can be harmful, beneficial, have no effect, or may be 
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essential for host health372. Within the intestine the microbiota has important roles in 

mediating host nutrient uptake and metabolism356, 373, maintenance of the gut barrier374, 

intestinal vasculature268, 375, and enteric neuronal networks376, 377, as well as mucosal 

immunity235, 236, 372, 374. There is also evidence that the intestinal microbiome modulates 

whole-body health and both communicable and non-communicable disease risk and 

outcomes374, 378, 379.  

Commensal intestinal microorganisms have an evolutionarily adapted symbiotic 

relationship with host cells380. Studies of mice without any microbiota (germ free), a 

limited microbiota, or after antibiotic treatment, have shown that specific commensal 

microbial species and their metabolites have direct effects on immune cell development 

and functions under conditions of homeostasis. For example, Clostridium genus bacteria 

promote development of intestinal Tregs
381, 382, and segmented filamentous bacteria induce 

development of intestinal Th17 cells383, 384, 385. In addition, bacterial metabolites including 

the SCFA butyrate promote goblet cell production of mucus, plasma cell secretion of IgA, 

immune-mediated epithelial tissue repair processes, and suppress macrophage NfκB-

mediated pro-inflammatory cytokine expression356, 373.  

Commensal bacteria and their metabolites also affect immunity beyond the 

gastrointestinal tract386. For example, SCFAs are required for the maturation and function 

of microglia in the brain387, 388. Furthermore, microbial products like LPS, or LPS-

containing bacteria themselves, have been reported (in the context of diet-induced 

obesity) to translocate to peripheral blood and adipose tissue389, 390, activating peripheral 

adipocyte and adipose tissue macrophage signalling pathways75, 83. In fact, ablation of 

bacterial product sensing in mice by genetic knockout of PRRs for flagellin (TLR5)391, 392, 
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lipoproteins (TLR2)393, peptidoglycan (NOD1 or NOD2)394, 395, LPS (TLR4)391, 396, as 

well as coreceptors like CD1483, 397, or downstream adaptor molecules like MyD88397, 398, 

or partial or complete removal of the microbiota by use of antibiotic-treated or germ-free 

mice83, 398, 399, have all been reported to be protective against the development of obesity, 

chronic systemic inflammation, and/or hyperglycemia and insulin resistance. Therefore, 

the intestinal microbiota and microbial products alter local and peripheral immune 

responses and can contribute to chronic inflammation. 

The composition of the microbiota is influenced by host biological sex, age, health 

status, genetics, diet, antibiotic and probiotic exposure, and inflammation372. The majority 

of bacteria within the gut of healthy humans and mice are part of two phyla, the 

Firmicutes and the Bacteroidetes400, 401, 402. Alterations to microbial composition are 

referred to as microbial dysbiosis, and may involve the loss or reduction of the abundance 

of microbial species that promote immunological tolerance and homeostasis, as well as 

outgrowth of those that induce inflammation372. As a consequence, changes in the gut 

microbiota can contribute to the development of acute infection or chronic inflammation. 

Shifts in microbial composition are now well-established to be associated with changes to 

gut structure and mucosal immune defense, as well as systemic immunity and 

metabolism403, so disentangling their relationships is of considerable interest in order to 

identify new approaches to prevent and treat chronic inflammatory disorders. 

 

1.6 Intestinal Macrophages 

Like other tissue macrophages, intestinal macrophages perform ‘housekeeping’ 

functions of phagocytic removal of cellular debris and tissue remodelling404, but have 
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considerable phenotypic and functional heterogeneity that likely facilitates their roles 

within specific niches of intestinal tissue layers. Intestinal macrophages have roles in 

maintenance of the intestinal epithelial barrier and vascular and neuronal networks, and 

establishment of tolerance to innocuous food antigens and commensal bacteria, but are 

also able to effectively respond to and eliminate pathogens. Intestinal macrophages under 

conditions of homeostasis are typically described as being highly bactericidal and 

phagocytic, yet anti-inflammatory and tolerogenic405, 406, 407.  

Intestinal Macrophages - Ontogeny 

 In accordance with the MPS classification of macrophages, it was thought until 

recently that the intestines are seeded with embryonic macrophages that are rapidly 

replaced by bone marrow origin monocyte-derived macrophages after birth, coinciding 

with establishment of the microbiota223, 235. The persistent exposure of intestinal 

macrophages to microbes and luminal antigens, and the continual requirement for 

phagocytic removal of cells and debris due to the rapid turnover of the intestinal 

epithelium, were proposed to increase tissue niche accessibility, and require that intestinal 

macrophages also have a high turnover rate196, 211, 252. As described earlier, global and 

transcriptomic analyses of tissue-resident macrophage differentiation and maturity 

recently prompted a re-evaluation of macrophage identity in many tissues218, 237, 242. In 

2018, two papers using complementary approaches of flow cytometry and 

immunofluorescence microscopy in mice definitively showed that, in addition to adult 

monocyte-derived macrophages of bone marrow-origin, embryonic origin long-lived 

tissue-resident macrophages are found within the small intestine408, 409, and colon409. 

Research on human small intestinal macrophages has also recently identified within the 
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jejunum a subset of macrophages with rapid turnover from blood monocytes, and two 

longer-lived macrophage populations410, 411.  

Mouse intestinal macrophages with unique morphology, gene expression and 

cytokine production profiles, localization characteristics, and turnover rates assessed by 

adoptive bone marrow transfer and fate-mapping, can be identified according to their 

expression of CD4 and TIM4: CD4-TIM4-, CD4+TIM4-, and CD4+TIM4+408, 409.  

CD4-TIM4- macrophages are solely derived from adult bone marrow-origin monocytes. 

CD4+TIM4- macrophages have a much slower turnover rate but are also replaced by 

monocytes. CD4+TIM4+ macrophages are long-lived embryonic origin macrophages. A 

recent study that performed scRNAseq on Lin-MHCIIhigh cells from the colon also found 

that cells with the highest expression of TIM4 were the most developmentally ‘advanced’ 

in comparison to blood monocytes412. BrdU labelling experiments confirmed that long-

lived macrophages can locally proliferate408, though mature intestinal macrophages can 

also upregulate expression of ccl7 and ccl8 genes, which may mediate recruitment of 

monocyte replacements242. Monocyte migration into intestinal tissues under homeostatic 

conditions relies on their expression of CCR2 and β7-integrin for chemotaxis236, 306, 413, 

414. Once Ly6Chigh blood monocytes enter the intestine they progressively increase their 

expression of MHCII and downregulate their expression of Ly6C, CCR2, and 

extravasation markers223, 233, 235, 236, 415, 416. Multiple adoptive transfer experiments have 

shown that as intestinal macrophages mature, they also increase their expression of 

CX3CR1, so most mature gut macrophages are described as  

Ly6C-/lowCCR2-/lowMHCII+CX3CR1
high. Maturation of intestinal macrophages leads to 

progressive upregulation of other surface markers such as CD64, F4/80, MHCII, CD11c, 
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CD163, and MerTK, as well as expansion of cell size223, 233, 235, 236, 408, 409, 415, 416, 417. 

Newly recruited monocytes replenish CD4-TIM4- macrophage populations under 

homeostatic conditions (Figure 1.2).  

 

More recently, monocyte-to-macrophage differentiation in the intestines has been 

verified through intravital imaging of cell surface marker and morphological changes268, 

as well as by assessment of monocyte-to-macrophage differentiation in studies of bulk 

RNAseq and scRNAseq transcriptomes of FACS-purified monocytes and macrophages242, 

418. Differentiation of monocytes into intestinal macrophages is thought to occur quickly, 

as monocytes that have crossed the endothelial barrier into the intestines are already 

transcriptionally distinct from blood monocytes242, 294, 418, and adoptively transferred 

Ly6Chigh monocytes can enter the colon and begin differentiation into macrophages 

within 24 hours235, although intravital imaging suggests that differentiation can begin 

within an hour around blood vessels268. Experiments using transgenic mice, and adoptive 

transfer and parabiosis techniques, have reported that intestinal monocyte-derived  

CD4-TIM4- macrophages have a half-life of ~4-8 weeks (4-6 weeks in the small intestine 

and 6-8 weeks in the colon)223, 235, 236, 242, 409, 419. 

Figure 1.2. Monocyte and macrophage populations in the intestines. 

(A) Monocyte to macrophage differentiation in the intestines.  

(B) Intestinal macrophage populations identified by expression of CD4 and TIM4. 
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Intestinal Macrophages – Localization 

 Macrophages are present along the entire length and within all structural layers of 

the gastrointestinal tract256, 420. As in other tissues, intestinal macrophages organize within 

and interact with non-immune cell structures, and core macrophage programming, in 

combination with local trophic factors, including microorganisms, microbial products, 

nutrients, and food antigens within the intestinal lumen, supports their self-maintenance 

and functions within intestinal tissue niches372, 373, 408, 421. Numbers of macrophages 

assessed by immunohistochemistry or stereology have shown that macrophages are more 

concentrated in the distal small intestine, and especially the colon, which contains the 

highest quantities of bacteria, whereas they are less prevalent in the upper areas of the 

small intestine, which mainly contain stomach acid, bile, and pancreatic secretions256, 420, 

422, 423, 424, 425. Our own flow cytometry data also indicates that the composition of the  

CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations differs along the length of 

the intestines, with a higher prevalence of monocyte-derived CD4-TIM4- macrophages 

with increasing microbial load from the duodenum to the colon (Figure 1.3). 

 

The tissue layers of the intestines are organized into four compartments 

surrounding the lumen: the mucosa, the submucosa, the muscularis externa, and the 

serosa345. The single-layered epithelium covered with mucus (in contact with the lumen 

Figure 1.3. CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage prevalence along the intestines. 
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and organized into crypts (and villi in the small intestine)) separates the lumen from the 

underlying mucosa and submucosal regions containing irregular connective tissue, a 

blood capillary network, lymphatic vessels, and extrinsic neuronal processes. The 

muscularis externa of circular and longitudinal smooth muscle layers is alternated with 

the submucosal plexus and myenteric plexus containing enteric neurons. Though the basic 

structure is the same, the thickness of tissue layers and their cellular composition and 

functions differ according to their location along the length of the intestines.  

Analysis of macrophage morphology and localization has also revealed distinct 

tissue niche behaviours within the layers of the intestines. De Schepper and colleagues 

identified that over a period of 35 weeks in the small intestine, F4/80+ macrophages have 

~95% turnover from bone marrow-derived monocytes in the mucosa, ~45% turnover in 

the submucosa, and ~60% turnover in the muscularis externa, indicating that monocyte-

derived and embryonic origin macrophages have differential localization within the 

intestinal wall408. Accordingly, macrophage localization corresponds to different 

transcriptional profiles and functions (Figure 1.4)426.   

Lamina propria Macrophages 

Within the lamina propria (a layer of connective tissue that separates the intestinal 

epithelium from the underlying smooth muscle tissue), immunohistochemistry and 

intravital and electron microscopy imaging have shown that there is a dense network of 

macrophages in association with capillaries, lymphatic vessels, and neurons that run 

through villi and in the mucosa267, 268, 408, 422, 423, 427. Macrophages are also found within 

crypts and lymphoid tissues including Peyer’s patches428, 429.  
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Lamina propria macrophages have a more pro-inflammatory transcriptome 

compared to macrophages from the muscularis region, consistent with their role in being 

part of the ‘first-line’ defense against invading bacteria due to their close proximity to the 

gut lumen405, 407, 415, 430, 431, 432, 433. Monocyte-derived CD4-TIM4- macrophages are 

primarily found within villi and regions of the lamina propria close to the intestinal 

epithelium. In vitro studies have reported that CD4-TIM4- intestinal macrophages are 

highly phagocytic223, 236, 434, and scRNAseq analysis has shown an enrichment of genes 

associated with antigen processing and presentation, specialized innate immune responses 

Figure 1.4. Summary of intestinal macrophage localization and functions. 
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(e.g. suppression of IL-1β and PRR signalling, enhanced expression of TGFβ-dependent 

genes), and bactericidal activity412. Lamina propria macrophages support maintenance of 

the intestinal epithelial barrier via efferocytosis of apoptotic cells and cellular material236, 

242, 404, 417, 435, secretion of trophic factors to stimulate stem cell proliferation and 

differentiation429, 436, including Wnt ligands437, 438, hepatocyte growth factor (HGF)439, 

and PGE2
433, 440, and secretion of matrix metalloproteinases (MMPs) to promote epithelial 

cell repair and tissue remodelling441, 442. Macrophages sense and phagocytose luminal 

antigens by extension of transepithelial dendrites across the intestinal barrier242, 431, 443, 444, 

or via M cell and goblet cell antigen transport365, 366, 367, 368, and can transfer antigens to 

migratory dendritic cells (DCs) that travel to mesenteric lymph nodes to elicit adaptive 

immune responses to pathogens or tolerogenic responses to dietary antigens431, 445, 446. 

Lamina propria macrophages also directly and indirectly support recruitment, 

proliferation, and survival of Tregs
447, 448, 449, Th17 cells446, 450, ILC3 cells451, as well as 

DCs, monocytes, and other immune cells415, 449, 450, 452, 453, 454, recruit replacement 

monocytes223, 235, and suppress effector CD4+ T cells through secretion of anti-

inflammatory cytokines374, 446, 455. Therefore, lamina propria macrophages have roles in 

mediating interactions between the intestinal epithelium, the microbiota, luminal antigens, 

and other immune cells, to support immunological tolerance and host defense. 

Submucosal and Muscularis Macrophages 

Macrophages within the submucosal and muscularis regions are generally CD4+ 

(i.e. CD4+ or CD4+TIM4+) and have a more tissue-protective transcriptomic profile with 

enrichment of genes associated with cell-cell adhesion, wound healing, tissue protection, 

and neuronal development242, 267, 408. scRNAseq analysis has shown that intestinal 
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macrophages with the highest expression of TIM4 similarly have transcriptional profiles 

enriched for genes involved in cell recruitment, scavenging and apoptotic cell clearance, 

and tissue regeneration412. Mouse models of macrophage depletion (Csf1-/-), or disruption 

of monocyte recruitment (Ccr2-/-) or differentiation (Nr4a1-/-), as well as germ free or 

antibiotic-treated mice, have altered blood vessel morphology and abundance, and 

increased vascular leakiness268, 408. Macrophage depletion also alters the distribution and 

proliferation of enteric neurons in the submucosa and myenteric plexus267, 456, 457, and 

dysregulates ion secretion, neuronal calcium signalling, muscle contraction, and 

peristalsis267, 408, 456, 457. Therefore, submucosa and muscularis macrophages primarily 

support the vasculature, smooth muscle activity, and the enteric nervous system. 

Intestinal Macrophages - Anti-inflammatory Character 

Intestinal macrophages express TLRs3-9, NOD-like receptors, and TREM2, but 

associated adaptor and downstream signalling proteins (e.g. CD14, NOD2, MyD88, and 

TRAF6) are downregulated236, 415, 434, 458, and IκB proteins are upregulated459, 460, which 

prevents downstream signalling and NFκB-mediated expression of pro-inflammatory 

cytokines. IL-10/IL10R435, 448, 458, 461, 462, 463 and TGF-β/TGFβR464, 465 signalling, which 

can be induced by intestinal epithelial cells or other immune cells, help maintain intestinal 

macrophage anti-inflammatory properties. This is also thought to be supported by 

continual turnover of the intestinal epithelium (phagocytic activity suppresses pro-

inflammatory gene expression)404, 466, commensal bacteria themselves412, 421, 467, intestinal 

epithelial cell production of TSLP, TGFβ, and retinoic acid467, 468, 469, dietary metabolites 

(promoting IL-10 production and reprogramming metabolism)421, 445, 470, 471, and CX3CR1-

CX3CL1 interactions446, 472, 473. However, when homeostasis is disrupted, PRR signalling 
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can elicit phagocytic and bactericidal activities of resident macrophages, and an acute 

inflammatory response via recruited monocytes.  

Intestinal Macrophages - Response to Inflammation 

The single-cell layer design of the intestinal epithelium maximizes its absorption 

of nutrients, but also arguably increases its susceptibility to damage and infection. 

Intestinal inflammation due to infection from bacteria such as Citrobacter rodentium474 or 

Salmonella enterica serovar Typhimurium475, the protozoan parasite Toxoplasma 

gondii476, 477, or helminths433, 476, 478, elicits rapid CCR2-dependent recruitment of 

inflammatory Ly6Chigh monocytes into intestinal tissues. Ly6Chigh monocyte recruitment 

can also be induced by inflammation associated with colitis (i.e. inflammatory bowel 

disease; induced by DSS (dextran sulphate sodium)236, 415, 479, 480, TNBS (2,4,6-

Trinitrobenzenesulfonic acid)481, 482, T-cell transfer223, 417, 483, or Helicobacter hepaticus 

with anti-IL10R treatment484, 485), or by sterile tissue injury268. These inflammation-

elicited monocytes differentiate into intestinal macrophages with high expression of 

MHCII and hyperresponsiveness to PRR activation223, 236, 413, 415, 458, 486, 487. The 

inflammation-elicited monocyte-derived macrophages produce pro-inflammatory 

cytokines including TNF, IL-6, IL-12, and IL-23, inflammasome cytokines IL-1β and IL-

18, as well as NO and ROS, to promote local inflammation, and chemokines like CCL4, 

CCL5, CCL8, and CCL11, to facilitate further recruitment of Ly6Chigh monocytes and 

other effector cells. Accumulation of pro-inflammatory Ly6Chigh monocytes and 

monocyte-derived macrophages is increased in intestinal lesion areas of IBD patients411, 

488, 489, and the frequency of immature macrophages, but not mature resident 

macrophages, has also been positively correlated with endoscopic score of disease 
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severity in Crohn's patients490. Due to the non-specific attributes of an acute inflammatory 

response, bystander host cells within the intestinal epithelium can become damaged, 

which may compromise the integrity of the intestinal epithelium415, 489, 491, 492. Infiltration 

of luminal contents, including bacteria, bacterial products, and other antigens into the 

lamina propria, can further perpetuate local inflammation, recruitment, and activation of 

other pro-inflammatory immune cells, leading to tissue pathology372, 493. Once 

inflammation is resolved, monocyte-derived macrophages may remain, especially if there 

is depletion of tissue-resident macrophages, which could elevate the basal level of 

intestinal inflammation214, 408. 

Though it has been reported that tissue-resident lamina propria macrophages can 

extravasate into the intestinal lumen during Salmonella enterica infection and 

phagocytose pathogenic bacteria494, tissue-resident macrophages are typically thought to 

retain their anti-inflammatory characteristics in response to infection or injury233, 236, 415, 

417, 485, 495. Depletion or dysfunction of resident macrophage populations405, 406, 407, or 

disruption of macrophage-specific TGFβ465, IL-10R496, or MyD88 signalling497, can lead 

to chronic inflammation independent of infection or injury. Consequently, through local 

proliferation, and secretion of cytokines like IL-10 (which has a bystander effect on other 

immune cell populations), and TNF (to promote enterocyte growth), as well as tissue 

repair factors, tissue-resident macrophages may help prevent pathology from 

inflammation-elicited immune cells and participate in the resolution of inflammation, 

facilitating a return to homeostasis.  
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1.7 Rationale 

Inflammation is a complex biological process required to maintain host 

homeostasis1, yet over half of global deaths can be attributed to diseases associated with 

chronic sterile inflammation498. Obesity is increasingly prevalent worldwide30, and its 

comorbidities have a negative impact on an individual’s health and quality of life31, 34, 46. 

Included here is also pregravid obesity157, and excess gestational weight gain158, which 

are both associated with short and long-term detrimental effects on maternal health160, 162. 

Effects of chronic inflammation are modified by biological sex, age, and health status1, 2. 

Superimposed upon these circumstances is the fact that chronic inflammation is also an 

intrinsic component of biological aging26, complicating the role that inflammation plays 

in our lifelong risk of chronic disease499.  

Current research endeavours have identified common features of chronic 

inflammatory disorders in both humans and mice, which interact in a feed-forward cycle. 

These components include intestinal microbial dysbiosis, an increase in intestinal 

permeability, elevation of soluble pro-inflammatory cytokines like TNF in peripheral 

blood and tissues, changes to the phenotype and functions of immune cells in circulation 

and within tissues, local pathology from cellular damage and/or tissue restructuring, as 

well as metabolic dysfunction499. Monocytes and macrophages have essential roles in 

acute inflammation, but in chronic inflammation they often contribute to pathology1, 2.  

In obesity, the relationships between adiposity, chronic inflammation, circulating 

monocytes, and metabolic dysfunction, remain poorly defined. The cellular inflammatory 

response differs by biological sex, but most preclinical animal studies that have examined 
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cellular aspects of chronic inflammation in obesity have used male animals, so it is often 

unclear if these data are also applicable to females. To date, few studies have examined 

the effects of maternal obesity on peripheral blood immune cell populations in pregnancy, 

and no studies have been done during lactation. Though there are similar reports of 

microbial dysbiosis, intestinal permeability, and local inflammation within the gut in 

obesity, pregnancy, and aging, it is unclear how these changes affect intestinal monocyte-

derived and tissue-resident macrophage populations.  

Despite the many advancements in our knowledge of how immune cells 

contribute to inflammation and disease, a better understanding of how monocytes and 

macrophages change in response to chronic inflammation under different biological 

conditions will help identify novel approaches for intervention.  

 

Central Hypothesis  

We hypothesize that chronic inflammation alters peripheral monocyte and intestinal 

macrophage prevalence, phenotype, and functions. We hypothesize that these effects are 

modulated by different biological conditions and can be mediated by TNF and the 

intestinal microbiota. 

 

Central Aim  

We aim to understand effects of biological sex on peripheral immune cell numbers in 

homeostasis, and effects of chronic inflammation in the context of obesity, pregnancy, 

and/or biological aging, on peripheral blood and intestinal monocyte and macrophage 

prevalence, phenotype, and functions (Figure 1.5). 
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Specific Aims 

1 - Characterize the effects of biological sex and the female reproductive   

     cycle on numbers of monocytes (and other immune cells) in peripheral blood.  

     (Chapter 3) 

 

2 - Disentangle the relationships between peripheral monocytes and obesity, TNF- 

     mediated inflammation, hyperinsulinemia, and hyperglycemia, in male mice.  

     (Chapter 4) 

 

3 - Determine the longitudinal effects of obesity and TNF-mediated inflammation on  

     peripheral monocytes in female mice and assess effects of pregravid obesity and  

     excess gestational weight gain on peripheral immunological adaptations during  

     pregnancy and lactation. (Chapter 5) 

 

4 - Determine the effects of chronic inflammation and the microbiota on intestinal  

     macrophages in obesity and aging, and assess effects of excess gestational weight gain  

     on intestinal macrophages in lactation. (Chapter 6)  

Figure 1.5. Central thesis aims to investigate effects of chronic inflammation. 
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Chapter 2. Materials & Methods 

*Note that all materials and methods for Chapters 3 and 4  

are within the manuscripts included in those chapters.  

All materials and methods for Chapters 5 and 6 are described below* 
 

2.1 Animal experiments 

Wildtype C57BL/6J female and male mice (WT; cat#00064, The Jackson 

Laboratory), and TNF-/- C57BL/6J female and male mice (TNF-/-; cat#003008, The 

Jackson Laboratory), were bred at the McMaster University Central Animal Facility 

under specific-pathogen free (SPF) conditions. The pathogen-free status of mice was 

ensured through continuous monitoring of sentinel mice and specific testing of fecal 

samples for common murine pathogens. For all experiments, mice were housed in sterile 

vent/rack cages with ad libitum access to food and water, at constant ambient temperature 

(22˚C) on a 12 hour light-dark cycle. Mouse diets are summarized in Table 2.1.  

Table 2.1. Mouse diet allocation and composition by experiment cohort. 
Experiment Cohort Diet Name Source Energy Composition 

Young SPF 

(WT and TNF-/- non-

pregnant, pregnant, 

and lactation study) 

‘standard chow’ 

Teklad 22/5 

Rodent Diet 

8640, 

Envigo 

3.4 

kcal/g 

17% kcal fat 

29% kcal protein 

54% kcal carbohydrates 

Young SPF 

(WT and TNF-/- non-

pregnant and pregnant) 

60% high fat diet 

D12492, 

Research 

Diets, Inc. 

5.2 

kcal/g 

60% kcal fat 

20% kcal protein 

20% kcal carbohydrates 

Lactation Study 45% high fat diet 

D12451, 

Research 

Diets, Inc. 

4.7 

kcal/g 

45% kcal fat 

20% kcal protein 

35% kcal carbohydrates 

Aging Studies 

(WT young and 

old SPF) 

‘aging diet’ 

Teklad irradiated 

global 14% 

protein diet 

2914, 

Envigo 

2.9 

kcal/g 

13% kcal fat 

20% kcal protein 

67% kcal carbohydrates 

Germ Free Mice 

(non-pregnant and 

pregnant) 

S-2335 

Mouse Breeder 

Sterilizable Diet 

7004, 

Envigo 

3.5 

kcal/g 

29% kcal fat 

20% kcal protein 

51% kcal carbohydrates 
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Littermate TNF+/+ and TNF-/- mice were generated from F2 TNF+/- 

heterozygotes500, and genotyping was performed by PCR (see below). Male and female 

adult germ free (GF) C57BL/6N mice, originally from Taconic Biosciences, were 

obtained from the Axenic Gnotobiotic Unit at McMaster University.  

All animal experiments were performed in accordance with Institutional Animal 

Utilization Protocols approved by McMaster University’s Animal Research Ethics Board 

following the recommendations of the Canadian Council on Animal Care. 

 

Genotyping  

Tail tissue samples were collected at weaning and flash frozen in liquid nitrogen. 

Samples were incubated overnight at 37˚C in lysis buffer (100 mM Tris-Cl pH 8.0, 5 mM 

EDTA pH 8.0, 200 mM NaCl, 0.2% (w/v) SDS, 0.5 mg/mL proteinase K (cat#P2308, 

Sigma-Aldrich)). Samples were mixed by inversion, centrifuged (13,000 rpm, 20 

minutes), and genomic DNA was precipitated in 100% isopropanol, and pelleted (13,000 

rpm, 5 minutes). The cell pellet was washed twice with 75% ethanol and centrifuged 

(13,000 rpm, 5 minutes), air dried, resuspended in nuclease-free water, and dissolved at 

55˚C. DNA concentration was determined by NanoDrop (ThermoFisher Scientific) and 

diluted to 100-200 ng/μL. The PCR protocol and primers (Table 2.2) were based on The 

Jackson Laboratory Protocol 22433: Standard PCR Assay - Tnf<tm1Gkl> version 2.3 

(from https://www.jax.org/Protocol?stockNumber=003008&protocolID=22433). 

Table 2.2. TNF genotyping PCR primers. 

Description Primer Sequence 
Common TNF genotyping forward primer 5’-TAG CCA GGA GGG AGA ACA GA-3’ 

Wildtype reverse TNF genotyping primer 5’-AGT GCC TCT GCC AGT TC-3’ 

Mutant reverse TNF genotyping primer 5’-CGT TGG CTA CCC GTG ATA TT-3’ 

https://www.jax.org/Protocol?stockNumber=003008&protocolID=22433
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The PCR master mix was prepared with 10X PCR buffer (cat#10342020, 

Invitrogen), 50 μM MgCl2 (cat#10342020, Invitrogen), 10 μM dNTPs (cat#18-427-088, 

ThermoFisher Scientific), 10 μM common TNF genotyping forward primer, 10 μM 

wildtype reverse TNF genotyping primer, 10 μM mutant reverse TNF genotyping primer, 

1U Taq polymerase (cat#10342020, Invitrogen), and 100-200 ng genomic DNA, in 

nuclease free water, to a total volume of 25 μL. Samples were run on a Mastercycler Pro5 

(Eppendorf) using a touchdown program, with initial denaturation at 94˚C for 5 minutes, 

then 10 cycles at 94˚C for 45 seconds, 65˚C for 30 seconds, and 68˚C for 40 seconds, 

with the melting temperature of 65˚C decreasing by 0.5˚C every cycle, followed by 25 

cycles at 94˚C for 45 seconds, 55˚C for 30 seconds, and 72˚C for 40 seconds, with a final 

elongation step at 72˚C for 7 minutes before cooling to 4˚C. Samples were 

electrophoresed on a 1.5% agarose gel (in TAE buffer, pH 8.3). Genotype was identified 

as wildtype (TNF+/+) with a product band of 183 bp, knockout (TNF-/-) with a product 

band of 318 bp, or heterozygous (TNF+/-) with product bands of 183 bp and 318 bp. 

Model of diet-induced obesity in non-pregnant mice: SPF WT and TNF-/- 

(Chapter 5: section 5.1; Chapter 6: sections 6.1 to 6.3) 

WT mice were fed a standard chow diet upon weaning (cat#8640, Envigo). 

Littermate WT and TNF-/- mice were fed Teklad irradiated global 14% protein diet 

(cat#2914, Envigo) upon weaning. At either 5 weeks of age (WT mice), or 8 weeks of age 

after genotyping (littermate mice), mice were fed a standard chow diet (17% kcal from 

fat, cat#8640, Envigo), or were placed on an obesogenic, low fibre, high fat diet (60% 

kcal from fat, cat#D12492, Research Diets, Inc.) until endpoint. Mice were provided with 

a plastic tube and cotton and paper bedding material for enrichment. Food intake and 

body weight were monitored weekly. 
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Young germ free mouse colonization with chow and high fat diet microbiota  

(Chapter 6; section 6.3) 

Donor WT SPF female mice were fed their respective standard chow diet or 60% 

high fat diet for 7-12 weeks prior to the start of the experiment. Female WT GF mice 

were exported at 8-10 weeks of age from the Axenic-Gnotobiotic Unit at McMaster 

University. GF mice were housed under the same SPF conditions as donor mice after 

export, with ad libitum water and standard chow diet (cat#8640, Envigo). The colonized 

ex-GF mice received dirty cage bottoms (with fecal pellets and enrichment plastic tube 

and cotton/paper bedding material) from the SPF donor mice on a weekly basis. Cage 

bottoms were inspected to remove any food prior to transfer. Body weight and food 

intake were monitored on a weekly basis. 

Model of diet-induced obesity in pregnant mice: SPF WT and TNF-/- 

(Chapter 5, sections 5.2.2 and 5.2.3) 

At 5 weeks of age, female WT or non-littermate TNF-/- mice were cohoused two 

per cage and allocated to a standard chow diet (17% kcal from fat, cat#8640, Envigo) or a 

60% high fat diet (cat#D12492, Research Diets, Inc.). Mice were provided with a plastic 

tube and cotton and paper bedding material for enrichment. After 6 weeks diet allocation, 

mating was performed by cohousing the wildtype female mice with a wildtype male 

mouse fed the standard chow diet (or TNF-/- female mice with a TNF-/- male mouse) at the 

end of the light cycle. Successful mating was identified the next morning by the presence 

of a vaginal plug (designated embryonic day E0.5 of gestation) and female mice were 

thereafter individually housed. Mouse body weight and food intake were monitored 

weekly pre-pregnancy and at E0.5, E6.5, E10.5, E14.5, and/or E18.5. Mice were 

sacrificed at E14.5 or E18.5 by cervical dislocation after an overnight fast. 
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Model of excess gestational weight gain in lactation: SPF WT 

(Chapter 5, section 5.2.4; Chapter 6, section 6.5) 

Lactating dams were obtained from a cohort study collaboration between the 

Bowdish and Sloboda labs, and were used in this thesis to examine changes in immune 

cell populations during lactation. WT C57BL/6J female and male mice were purchased 

from The Jackson Laboratory (cat#00064). Following 1 week of acclimation after arrival, 

female mice were cohoused two per cage. All mice were initially maintained on the 

standard chow diet (cat#8640, Envigo), with food and water provided ad libitum. Mating 

was performed by cohousing two female mice with a wildtype C57BL/6J male mouse 

(fed standard chow diet) at the end of the light cycle. Successful mating was identified the 

next morning by the presence of a vaginal plug. Upon confirmation of pregnancy, female 

mice were individually housed. The same male mouse for each pair of female mice was 

used for successive matings for each pregnancy. First pregnancy litters were sacrificed 

upon birth. One week later, dams were randomly allocated to continue on the standard 

chow diet or were placed on a high fat diet (45% kcal from fat, cat#D12451, Research 

Diets Inc.). Following two weeks of dietary intervention, female mice were mated by 

individual housing with a male mouse (fed standard chow diet) overnight as described 

above. Pregnant mice were maintained on the standard chow or high fat diet throughout 

pregnancy and lactation. Mouse weight and/or food intake was monitored weekly pre-

pregnancy and at E0.5, E6.5, E10.5, E14.5, and E18.5, as well as post-natal day 21 (P21). 

Dams were checked daily after E18.5 for the presence of a litter. Once a litter was noted, 

this was designated as postnatal day 1 or P1. As litter size influences intestinal 

physiological changes during lactation122, at P7 we standardized all litters to six offspring 

with an equal sex ratio when possible. Dams with litters of less than 6 pups were 
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excluded. Offspring were weaned in the morning at P21. Assessments were carried out 

within 24 hours after weaning. Dams were sacrificed by cervical dislocation. Dams were 

~4.5-5 months of age upon sacrifice.  

Note regarding diet selection: In the other pregnancy studies in this thesis that examined 

effects of pregravid diet-induced obesity, dams were fed a 60% kcal from fat diet for 6 

weeks prior to mating. Dams fed this diet prior to mating and pregnancy, even for a 

shorter period of two weeks, have poor litter survival. For this study, we used a lower fat 

content diet (45% kcal from fat) that had been previously used by the Sloboda lab501, 502, 

503, and dams were fed the diet for a shorter period of time prior to mating to generate 

second pregnancies. These decisions allowed us in this thesis to examine lactating dams 

and effects of excess gestational weight gain on immune cells in the periphery and 

intestines, and to generate offspring for the other cohort study collaboration. 

Germ free pregnant mice 

(Chapter 6: section 6.5) 

GF were fed ad libitum S-2335 Mouse Breeder Sterilizable Diet (cat#7004, 

Envigo). Female and male germ free mice were paired every Monday evening and 

females were checked for the presence of a vaginal plug Tuesday through Friday 

mornings (E0.5). If no vaginal plug was observed, mice were separated and paired again 

the following week. Upon visualization of a vaginal plug, which was designated as 

confirmation of pregnancy, female mice were individually housed and exported from the 

Axenic Gnotobiotic Unit on E14.5. Mice were fasted for 6 hours (10 am – 4 pm). 

Intestinal samples were obtained for analysis by flow cytometry.  
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Aging studies – young and old SPF and GF experiments and colonization  

(Chapter 6: section 6.4) 

Young (3-5 months of age) and old (18-24 months of age) WT female and male 

SPF and GF mice were used. SPF mice were fed ad libitum a standard aging diet 

(cat#2914, Envigo), and provided with an exercise wheel mounted on a hut for cage 

enrichment. GF mice were obtained from the Axenic Gnotobiotic Unit at McMaster 

University. In the facility GF mice were fed ad libitum the S-2335 Mouse Breeder 

Sterilizable Diet (cat#7004, Envigo). For SPF cohousing experiments, young adult SPF 

mice (4-7 months) were cohoused with old SPF mice (20-22 months) for 8-10 weeks. For 

GF colonization experiments, adult GF mice (9-12 months) were colonized with 

microbiota by placing them in dirty cage bottoms from young SPF WT mice (3-4 months) 

or old SPF WT mice (19-20 months). The colonized mice were fed the standard aging 

diet. Dirty cage bottoms from the SPF donor mice were replaced on a weekly basis for 6 

weeks, and then the colonized mice were aged for ~10 months (to 20-22 months). 

 

2.2 In vivo experiments 

2.2.1 Metabolic and body composition assessments 

(Chapter 5: section 5.1.1) 

Blood glucose was measured via tail vein using the Accu-Chek Inform II system 

glucometer and test strips (Roche Diagnostics). Caloric intake was calculated based on 

the amount of food consumed and individual mouse weight per experiment cage ([(Food 

eaten/# of mice in cage)*(__ g/kcal food energy density)]/mouse weight). Adiposity was 

measured as percent body fat calculated from whole-body Echo-MRI imaging (Bruker 

Minispec LF90-II). 
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2.2.1.1 Glucose tolerance test  

Mice were fasted for 6 hours (9 am – 3 pm). Blood glucose concentrations were 

measured via tail nick samples using a glucometer (described above) before 

intraperitoneal (i.p.) injection of 1.5 g/kg glucose (cat#G-7528, Sigma Aldrich) in sterile 

0.9% saline, and after 20, 30, 40, 60, 90, and 120 minutes, as previously described504, 505. 

 

2.2.1.2 Glucose stimulated insulin secretion test 

Mice were fasted for 12 hours (9 pm – 9 am). Blood was collected from a tail nick 

using a heparinized capillary tube (~70 μL) before and at 10, 60, and 120 minutes after 

i.p. injection of 3 g/kg glucose (cat#G-7528, Sigma Aldrich) in sterile 0.9% saline. All 

blood samples were placed on ice during the test. Samples were centrifuged for 10 

minutes at 8000xg, and serum was removed and frozen at -80˚C. Insulin concentrations 

were measured using a commercial ELISA kit by the manufacturer’s instructions 

(cat#33270, AIS Toronto Biosciences). Assay results were recorded using the BioPlex 

200 system and BioPlex Manager software version 6.1 (Bio-Rad Laboratories, Inc.). 

 

2.2.1.3 Insulin tolerance test 

Mice were fasted for 6 hours (9 am – 3 pm). Blood glucose concentrations were 

measured via tail nick samples using a glucometer as described above before i.p. injection 

of 1U/mL/kg insulin (cat#G-7528, Sigma Aldrich) in sterile 0.9% saline, and post-

injection after 20, 30, 40, 60, 90, and 120 minutes, as previously described504, 505. 
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2.2.2 CCL2-elicited monocyte response assay 

Sterile saline, or 200 nM of recombinant murine CCL2 (endotoxin-free, cat#250-

10, PeproTech) diluted in sterile saline, were administered i.p. as previously described336. 

Blood and femur bone marrow were collected four hours later for assessment by flow 

cytometry (see sections 2.5.1 and 2.5.2). 

 

2.2.3 Intestinal permeability  

2.2.3.1 In vivo intestinal permeability  

(Chapter 6: sections 6.1 to 6.3 and 6.5) 

Mice were placed in a clean cage and fasted for 6 hours (3 am – 9 am), or for 4 

hours after weaning (lactation study: 8 am – 12 pm) and during the assay. Blood was 

collected via tail nick in a heparinized capillary tube prior to gavage with 4 kDa 

fluorescein isothiocyanate-conjugated dextran (FITC-dextran; cat#46944, Sigma-Aldrich) 

diluted in PBS (pH 7.4) (80 mg/kg body weight or 8 mg/kg for lactation study), and post-

gavage at 30, 60, 90, 120, and 240 minutes. Acid-citrate dextrose (15% v/w; cat#C3821, 

Sigma-Aldrich) was added to blood samples after collection to prevent clotting. Plasma 

was collected post-centrifugation (8000 rpm, 10 minutes) after each time point and stored 

at 4˚C until all samples were collected. Whole-intestine permeability was assessed by 

measuring fluorescence in plasma diluted 1:10 in PBS in duplicate on a plate reader with 

excitation at 585 nm and emission at 530 nm (Synergy H4 Hybrid Microplate Reader, 

BioTek Instruments, Inc.). Intestinal permeability was calculated by subtracting the 

average baseline fluorescence values and average fluorescence of triplicate wells of PBS 

(sample blank) from the average post-gavage fluorescence values at each time point in 

each mouse, and was expressed as relative fluorescence units. 
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2.2.3.2 In vitro intestinal permeability 

(Chapter 6: sections 6.1 and 6.3) 

In vitro intestinal permeability experiments were performed by Jennifer Jury, in 

collaboration with Dr. Elena Verdú at McMaster University. Sections of intestinal tissue 

were obtained from young female mice in feeding experiments (section 6.1) or after 

microbiota colonization (section 6.3). The proximal colon and distal ileum were excised, 

opened along the mesenteric border, stripped of the external muscularis layer, and 

mounted into Ussing chambers (World Precision Instruments), as previously described506, 

507. In brief, samples were equilibrated in oxygenated Krebs buffer containing 10 mM 

glucose (serosal side) or 10 mM mannitol (luminal side) at 37˚C for ~30 minutes before 

baseline potential difference and short circuit current were recorded to calculate tissue 

conductance (G; mS/cm2) by Ohm's law. Short circuit current (Isc) was measured after 

equilibration as an indication of active ion transport. Mucosal-to-serosal flux 

(%flux/cm2/hr) of the small inert probe 51Cr-EDTA (360 Da; 6 μCi/mL) (Perkin Elmer), 

as a measure of paracellular permeability, was assessed by taking an initial radiolabelled 

sample of mucosal buffer and then samples from the serosal compartment every 30 

minutes for 2 hours, with addition of fresh buffer to maintain a constant volume. Samples 

were assessed in a liquid scintillation counter (LS6500 Multi Purpose Scintillation 

Counter, Beckman Coulter, Inc.), with counts from each 30 minute time point averaged 

and compared to the initial radiolabelled sample.  

 

2.3 Cytokine ELISA  
(Chapter 5: section 5.1) 

Whole blood was collected retro-orbitally into heparin, centrifuged at 10000xg for 

10 minutes, and plasma was frozen until analysis. Plasma levels of TNF and IL-6 were 
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assessed with a high sensitivity Milliplex MAP Kit, as per the manufacturer’s instructions 

(cat#MCYTOMAG-70K, EMD Millipore). Assay results were recorded using the 

BioPlex 200 system and BioPlex Manager software v6.1 (Bio-Rad Laboratories, Inc.). 

 

2.4 Adipose tissue histology and immunohistochemistry  
(Chapter 5: section 5.1) 

Adipose tissue from gonadal fat was fixed in 10% neutral-buffered formalin at 

room temperature for 24 hours, and processed and embedded into paraffin by the Core 

Histology Facility, McMaster University Research Centre. Sections of 5 μm were cut at 

50 μm intervals and mounted on charged glass slides. For both adipocyte quantification 

and macrophage immunohistochemistry, slides were visualized with the Nikon Eclipse NI 

microscope (960122, Nikon Eclipse NI-S-E). Images were captured using the Nikon DS-

Qi2 Colour Microscope Camera and Nikon NIS Elements Imaging Software (v4.30.02). 

 

2.4.1 Quantification of adipocyte cross-sectional area  

Slides were stained with hematoxylin and eosin at the Core Histology Facility, 

McMaster Immunology Research Centre. Images were taken at 20x magnification. For 

each mouse, three sections of adipose tissue were used for analysis, and three fields of 

view were captured per section such that at least 30 adipocytes could be measured within 

each image. Measurement of cross-sectional area was performed with ImageJ (National 

Institutes of Health)508. Cross-sectional area was averaged per section and per animal. 
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2.4.2 Localization and count of adipose tissue macrophages  

As previously described178, slides of adipose tissue were deparaffinized in Histo-

Clear (cat#50-329-50, Fisher Scientific), blocked with 5% normal rabbit serum, and 

stained with anti-F4/80 monoclonal antibody (1:100; rabbit anti-rat; cat#ab6640, Abcam 

Inc.) overnight at 4˚C for 16-18 hours. Endogenous peroxidase was inhibited with 3% 

H2O2 incubation prior to secondary antibody incubation (1:100; cat#BA-4001, Vector 

Laboratories Inc.), avidin-biotin peroxidase labelling (VectaStain Elite ABC-Peroxidase 

Kit; cat# PK-6101, Vector Laboratories Inc.), and DAB reaction (cat#BA-4001, Vector 

Laboratories Inc.), and samples were counterstained with Meyer’s hematoxylin 

(cat#MHS1, Sigma Aldrich). For each mouse, two sections of adipose tissue were used 

for analysis, and four fields of view were captured per section at 20x magnification. The 

total number of nuclei and the number of nuclei of F4/80+ cells were counted for each 

field of view. The fraction of F4/80+ cells was calculated as the sum of the number of 

nuclei of F4/80+ cells divided by the total number of nuclei for each field of view, and 

ratios were averaged across each section and for each mouse and expressed as a 

percentage of F4/80+ cells per total cells50.  

 

2.5 Flow cytometry analysis of immune cells 

2.5.1 Peripheral blood 

Peripheral whole blood was collected retro-orbitally in heparinized capillary tubes 

under isoflurane anesthesia (non-pregnant SPF and GF mice and lactation study dams), or 

from tail vein nick (SPF pregnancies). All blood samples were collected in the morning to 

minimize effects of diurnal variation509. Whole blood (100 μL) was stained with 50 μL 
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antibody mix at room temperature for 30 minutes, incubated with 1x eBioscience 1-step 

Fix/Lyse Solution (cat#00-5333-54, ThermoFisher Scientific) for 10 minutes with 

frequent inversion, centrifuged at 2,000 rpm at room temperature, washed with FACs 

buffer (0.5% w/v BSA, 1% EDTA, PBS pH 7.6), and resuspended in FACs buffer.  

Monoclonal antibodies with the following specificities were used to assess 

monocytes and neutrophils by surface staining: CCR2 (475301; PE) from R&D 

Systems, CD3 (17A2; Alexa Fluor 700), CD11b (M1/70; PE-Cy7), CD19 (eBio1D3; 

Alexa Fluor 700), CD45 (30-F11; eFluor 450), F4/80 (17-4801-82; APC), Ly6G (1A8; 

Alexa Fluor 700) and NK1.1 (PK136; Alexa Fluor 700), all from eBioscience, and 

CX3CR1 (SA011F11; BV650) and Ly6C (HK1.4; Alexa Fluor 488) from BioLegend.  

B cells, T cells and NK cells were identified using monoclonal antibodies with the 

following specificities: CD3 (17A2; Brilliant Violet 605) from BioLegend, and CD4 

(RM4-5; APC-eFluor780), CD8 (53-6.7; APC), CD11b (M1/70; PE-Cy7), CD19 

(eBio1D3; Alexa Fluor 700), CD45 (30-F11; eFluor 450), and NK1.1 (PK136; PE), all 

from eBioscience.  

Intracellular staining was performed on 100 μL whole blood in complete RPMI 

1640 supplemented with 10% fetal calf serum and 2x eBioscience Protein Transport 

Inhibitor Cocktail (cat#00-4980-03, ThermoFisher Scientific) without (unstimulated) or 

with lipopolysaccharide (200 ng/mL; cat#tlrl-pb5lps, InvivoGen) (stimulated) in a total 

volume of 200 μL. Samples were incubated for 4 hours in a tissue culture incubator (5% 

CO2) at 37˚C, surface stained with antibodies as described above, and then intracellular 

staining was performed after 30 minutes permeabilization at room temperature with 1x 

eBioscience Permeabilization Buffer (cat#88-8824-00, ThermoFisher Scientific) as 
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previously described336. Samples were surface stained with monoclonal antibodies with 

the following specificities: CD3 (17A2; Alexa Fluor 700), CD11b (M1/70; PE-Cy7), 

CD19 (eBio1D3; Alexa Fluor 700), CD45 (30-F11; eFluor 450), Ly6G (1A8; Alexa Fluor 

700), and NK1.1 (PK136; Alexa Fluor 700), all from eBioscience, and Ly6C (HK1.4; 

Alexa Fluor 488) from BioLegend. Intracellular staining was done with monoclonal 

antibodies specific for TNF (MP6-XT22; Brilliant Violet 650; BioLegend), and/or IL-6 

(MP5-20F3; PerCP-eFluor 710; eBioscience). 

 

2.5.2 Bone marrow 

Bone marrow was extracted from femurs and prepared as previously described101. 

The whole blood monocyte and neutrophil population surface stain antibody mix and 

protocol as described in section 2.5.1 were used for surface staining. Bone marrow 

progenitor surface staining and intracellular staining for Ki67 expression were performed 

using the whole blood protocols in section 2.5.1. Intracellular staining was performed 

without stimulation or incubation, with permeabilization immediately after surface 

staining. Monoclonal antibodies from BioLegend with the following specificities were 

used to assess myeloid progenitors by surface staining: Sca-1/Ly-6A/E (D7; PE-Dazzle 

594), CD117/c-Kit (2B8; Brilliant Violet 421), CD135/Flt-3 (A2F10; PE), CD127/IL7Rα 

(A7R34; PerCP-Cy5.5), CD34 (HM34; AF647), CD16/32 (93; Brilliant Violet 711), 

CD11b (M1/70; APC-Cy7), CD115 (AFS98; Alexa Fluor 488), Ly6G (1A8; Alexa Fluor 

700), CD3 (145-2C11; PE-Cy7), Ter119 (TER-119; PE-Cy7), and B220/CD45R (RA3-

6B2; PE-Cy7), all from eBioscience. A monoclonal antibody for Ki67 (16A8; Brilliant 

Violet 605; BioLegend) was used for intracellular staining. 
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2.5.3 Intestinal tissue 

Intestinal ileum and colon tissues were removed and processed for flow cytometry 

based on previous protocols409, 510. The distal 25% of the small intestine, adjacent to the 

caecum, was considered ileal tissue.  

After dissection, intestinal tissue was immediately placed in ice-cold PBS. 

Mesenteric fat and Peyer’s patches (in the small intestine) were removed and the tissue 

was longitudinally cut open and washed with PBS to remove contents. The tissue was cut 

into ~2 cm pieces and incubated in pre-warmed ‘Stir Media’ (RPMI 1640 supplemented 

with 3% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 20 mM HEPES, 5 mM 

EDTA pH 8.0, and 1 mM DTT (cat#D0632, Sigma-Aldrich)) at 37˚C for 20 minutes with 

constant stirring (~550 rpm) to remove the mucus layer.  

Tissues were washed 3x by shaking for 30 seconds in serum-free pre-warmed 

RPMI 1640 supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM 

EDTA, and 20 mM HEPES, and rinsed with pre-warmed PBS. The tissue was finely 

minced with scissors and incubated by stirring in serum-free pre-warmed ‘Complete 

Media’ (RPMI 1640 supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 

20 mM HEPES, 1% (v/v) non-essential amino acids, 1% (v/v) sodium pyruvate, 1% (v/v) 

L-glutamine, 0.01% (v/v) β-mercaptoethanol), with 0.5 mg/mL DNAse I 

(cat#10104159001, Sigma-Aldrich) and 0.1 mg/mL Liberase TL (cat#05401020001, 

Sigma-Aldrich) added immediately prior to incubation for 30 minutes at 37˚C (stirring at 

~550 rpm), to dissociate intestinal epithelial cells and leukocytes.  

Digested tissue was homogenized, washed with ice-cold Stir Media, passed 

through a 70 μm filter, centrifuged at 1500 rpm for 10 minutes, resuspended in ice-cold 
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Stir Media, passed through a 40 μm filter, and centrifuged again. The pellet was 

resuspended in ice-cold Complete Media supplemented with 3% FBS until staining. Live 

cells were counted manually under a light microscope with a hemocytometer and trypan 

blue stain (cat#MT25900CI, Corning).  

Single cell suspensions of 5 x 105 - 2 x 106 cells were stained in a v-well plate, 

with all centrifugation steps at 2000 rpm for 2 minutes. Samples were washed in PBS and 

were incubated at 4˚C with CD16/32 Fc block (cat#101302, BioLegend) in PBS for 10 

minutes before staining with 50 μL antibody mix in PBS for 20 minutes at 4˚C (see 

below). Samples were washed twice in PBS and fixed for 10 minutes in 1x eBioscience 

Fix-Lyse buffer (cat#00-5333-52, ThermoFisher Scientific) before washing in PBS with 

final resuspension in 200 μL PBS for flow cytometer analysis.  

Monoclonal antibodies with the following specificities were used to assess 

macrophage populations in the intestines by surface staining: CD4 (R4.5; APC), Ly6C 

(HK1.4; Alexa Fluor 488), TIM4 (RMT4-54; PE), CD64 (X54-5/7.1; PE-Dazzle 594), 

CCR2 (SA203G11; Brilliant Violet 421), CD45 (30-F11; Brilliant Violet 510), F4/80 

(BM8; Brilliant Violet 605), all from BioLegend, and CD11b (M1/70; PerCP-Cy5.5), 

MHCII (M5/114.15.2; Alexa Fluor 700), CD3 (145-2C11; PE-Cy7), B220/CD45R (RA3-

6B2; PE-Cy7), and Ly6G (M1/70; PE-Cy7), all from eBioscience, and SiglecF (E50-

2440; Brilliant Violet 711) from BD Biosciences. Dead cells were excluded using the 

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit, for 633 or 635 nm excitation 

(cat#L34975, Invitrogen).  

For intracellular staining without stimulation, samples were stained as described 

above in a 50 μL volume with a modified surface stain. Monoclonal antibodies with the 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

58 
 

following specificities were used for surface staining: CD4 (R4.5; APC), TIM4 (RMT4-

54; PE), CD64 (X54-5/7.1; PE-Dazzle 594), CD45 (30-F11; Brilliant Violet 510), all 

from BioLegend, CD11b (M1/70; PE-Cy7) and MHCII (M5/114.15.2; Alexa Fluor 700) 

from eBioscience, and SiglecF (E50-2440; Brilliant Violet 711) from BD Biosciences. 

Dead cells were excluded using the LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit, 

for 633 or 635 nm excitation (cat#L34975, Invitrogen). Samples were permeabilized in 

200 μL of 1x eBioscience Permeabilization Buffer (cat#88-8824-00, ThermoFisher 

Scientific) for 30 minutes at room temperature, stained in 50 μL intracellular antibody 

mix with 1x Permeabilization Buffer for 30 minutes, washed twice in PBS, and 

resuspended in 200 μL PBS for analysis. Monoclonal antibodies with the following 

specificities were used for intracellular staining without stimulation: Ki67 (16A8; 

Brilliant Violet 605; BioLegend), TNF (MP6-XT22; Alexa Fluor 488; eBioscience), and 

IL-10 (JES5-16E3; PerCP-Cy5.5; eBioscience).  

For intracellular staining with stimulation, samples were incubated with and 

without stimulation with lipopolysaccharide (200 ng/mL) in complete RPMI 

supplemented with 10% FBS and 2x eBioscience Protein Transport Inhibitor Cocktail 

(cat#00-4980-03, ThermoFisher Scientific) in a total volume of 200 μL, for 2.5 hours in a 

tissue culture incubator (5% CO2) at 37˚C. Surface and intracellular staining was 

performed as described previously for macrophage expression of TNF, IL-6, and IL-10511. 

 

2.5.4 Data collection and analysis 

All antibodies were titrated to determine optimal concentrations. Stained samples 

were assessed with unstained, isotype, and/or fluorescence-minus-one controls. Samples 

were run on a BD Biosciences LSRII or BD Biosciences Fortessa flow cytometer (BD 
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Biosciences). Data were analyzed using the FlowJo v9 software (Tree Star). Flow 

cytometry data for myeloid and lymphocyte populations in peripheral blood were 

analyzed as outlined in Appendix I, bone marrow immune cells and progenitor 

populations as in Appendix II, and intestinal immune cells as in Appendix III. Total cell 

counts were determined with CountBright Absolute Counting Beads (cat#C3650, Life 

Technologies). Expression of surface markers was quantified by measuring geometric 

mean fluorescence intensity of each fluorescence marker and subtracting background 

geometric mean fluorescence intensity of isotype or fluorescence-minus-one controls.  

 

2.6 Statistical analysis 

Details of specific statistical tests are included in figure legends. Data normality 

and variance were considered, and most data were analyzed and plotted with GraphPad 

Prism version 8 (GraphPad Software). More robust analyses of within-group and 

between-group composition and variation were performed using the vegan, lme4, and 

sjstats packages and default functions in R (v.3.3.4). Differences in peripheral immune 

cell composition were examined by permutational multivariate analysis of variance 

(PERMANOVA) with the adonis function. Immune cell variation was assessed using a 

permutation test for homogeneity of multivariate dispersions (PERMDISP) with the 

betadisper and permutest functions to compare the median distance-to-centroid of each 

group. Principal Component Analysis (PCA) ordination plots were generated using the 

prcomp function and devtools and ggbiplot packages. Data was processed to avoid 

overemphasis on high mean values (mean centering) and to account for value range 

(variance scaling). Statistical significance was defined as a P value of <0.05. 
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Appendix I. Flow Cytometry Analysis - Myeloid and Lymphocyte Gating 

 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

61 
 

Appendix II. Flow Cytometry Analysis - Bone Marrow Gating 
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Appendix III. Flow Cytometry Analysis - Intestinal Tissue Gating 
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Chapter 3. Biological sex, not reproductive cycle, influences 

peripheral blood immune cell prevalence in mice 

 

 

This chapter contains a manuscript recently submitted for publication. 

 

A broader awareness of sex-based differences and similarities in health and 

disease has increased acknowledgement of the importance and value of considering 

biological sex in basic research. Accordingly, the CIHR, NIH and other grant funding 

agencies have issued mandates for inclusion of male and female mice or subjects to 

ensure that research is applicable to both sexes. This manuscript addresses common 

concerns about the effects of biological sex and the female reproductive cycle when 

quantifying immune cells in peripheral blood (immunophenotyping). We found under 

routine experimental conditions with C57BL/6J mice that circulating immune cell 

prevalence and variability in female mice are not influenced by reproductive cycle stage. 

However, immune cell populations have a distinct composition by biological sex and are 

more variable in male mice compared to female mice. Body weight was a significant 

contributor to variability in male mice. Using publicly available CBC data from the 

JaxPhenome database, we also showed that immune cell composition and variability are 

not consistent between common inbred laboratory mouse strains. The flow cytometry data 

used in this study was collated from experiments across a three-year period, which gave 

us a large dataset (up to n=67 for male mice and up to n=120 for female mice for some 

immune cell populations), and prompted the creation of summary statistics and resource 

tables for researchers, to facilitate experiment planning and sample size calculations. 
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Key Points Summary 

• Traditionally the female sex, compared to the male sex, has been perceived as 

having greater variability in many physiological traits including within the 

immune system. 

• We show that biological sex, but not female reproductive cyclicity, has a 

significant effect on immune cell prevalence and variability, and that sex 

differences were not consistent amongst common inbred laboratory mouse strains. 

• We found that male C57BL/6J mice compared to female mice had greater 

variability in peripheral blood immunophenotype, and that this was influenced by 

body weight. 

• We created summary tables for researchers to facilitate experiment planning and 

sample size calculations for peripheral immune cells that consider effects of 

biological sex.  
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Abstract  

Immunophenotyping (i.e. quantifying the number and types of circulating leukocytes) is 

used to characterize immune changes during health and disease, and in response to 

pharmacological and other interventions. Despite the importance of biological sex in 

immune function, there is considerable uncertainty amongst researchers as to the extent to 

which biological sex or the female reproductive cycle influence blood immunophenotype. 

We quantified circulating leukocytes by multicolour flow cytometry in young C57BL/6J 

mice and assessed effects of the reproductive cycle, biological sex, and other 

experimental and biological factors on data variability. We found that there are no 

significant effects of the female reproductive cycle on the prevalence of B cells, NK cells, 

CD4+ T cells, CD8+ T cells, monocytes, or neutrophils. Immunophenotype composition 

and variability do not significantly change between stages of the female reproductive 

cycle. There are, however, sex-specific differences in immune cell prevalence, with fewer 

monocytes, neutrophils, and NK cells in female mice. Surprisingly, immunophenotype is 

more variable in male mice, and weight is a significant contributing factor. We show that 

immunophenotype varies between inbred mouse strains, and that using equal sample sizes 

of male and female mice is not always appropriate for evaluations of all immune cell 

populations in peripheral blood.   
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Introduction  

Inclusion and distinction of biological sex in research enriches opportunities for scientific 

discovery, knowledge, and application (Ritz et al., 2014; Klein et al., 2015; Clayton, 

2016); however, traditional gender biases and stereotypes have had a profound influence 

on how biomedical scientists approach preclinical animal research (Ritz et al., 2014; 

Clayton, 2016). Traditionally, there has been an imbalance in the consideration of 

biological sex (and often the exclusion of females) in experiment design, data 

interpretation, and peer review and publication, which has had a negative impact on 

clinical developments and human health (Correa-De-Araujo, 2006; Fish, 2008; Check 

Hayden, 2010; Beery & Zucker, 2011; Clayton & Collins, 2014; Beery, 2018; Geller et 

al., 2018). Less than 10% of published articles in four leading preclinical immunology 

journals in 2009 reported using animals from both sexes, and more than 60% of articles 

did not specify sex (Beery & Zucker, 2011). Biomedical funding agencies, including the 

National Institutes of Health, the Canadian Institutes of Health Research, and the 

European Commission, have recently established guidelines to encourage the 

consideration of sex as a basic biological variable. These guidelines aim to improve the 

rigor and reproducibility of research by rectifying the historical under-reporting of 

biological sex, generalization of male data to females and vice versa, and exclusion of 

female subjects (Clayton & Collins, 2014; Clayton, 2016; Tannenbaum et al., 2016). A 

follow-up study of the same immunology journals in 2019 accordingly showed 

improvements in sex inclusion, as ~40% of articles included animals from both sexes and 

only ~25% of articles did not specify sex (Woitowich et al., 2020). However, across 

biological disciplines, almost a third of studies that provided rationale for use of a single 
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sex still cited the potential for increased experimental variability in females (Woitowich 

et al., 2020).  

 

Rationale for exclusion of female animal models from preclinical research often comes 

from the biased belief that data variability is increased in females as a result of 

fluctuations in circulating ovarian hormones across the reproductive cycle, requiring a 

larger sample size and perhaps even monitoring of these hormones or reproductive 

cyclicity (Becker et al., 2005; Wald & Wu, 2010; Fields, 2014). Yet, 43% of leading 

immunology journal articles in 2019 did not provide a description of sample size by 

biological sex (Woitowich et al., 2020). A common approach by researchers is to propose 

using equal numbers of subjects for both sexes, though this practice is not necessarily 

appropriate if variability differs by sex (Festing & Altman, 2002; Nakagawa & Cuthill, 

2007; Piper et al., 2019). There is variation in endogenous sex hormone production in 

humans, whether as a result of intra-individual changes (e.g. across the lifespan or female 

reproductive cycle) or inter-individual factors (e.g. genetics or environment), though 

current pharmacological or immunological interventions are not routinely administered in 

ways that account for this natural variation (Jasienska et al., 2017). Epidemiological and 

clinical data document unequivocal sex differences in susceptibility to infectious disease 

and cancer, vaccine responses, and the incidence of autoimmune disorders (Fish, 2008; 

Pennell et al., 2012). Concerns about variability do not justify deliberate exclusion of 

either biological sex, but failing to consider data variation can have unintended 

consequences for study outcomes. 
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To date, we still lack sufficient empirical data to overturn the bias in using female 

subjects in immunological studies, and to address sample size by biological sex. Herein 

we investigated effects of biological sex on peripheral blood immune cell composition 

and variability. We quantified circulating leukocytes by flow cytometry (Ly6Chigh and 

Ly6Clow monocytes, neutrophils, NK cells, B cells, CD4+ T cells and CD8+ T cells) in 

young adult wildtype C57BL/6J male and female mice under typical experimental 

conditions, and investigated sources of variation including reproductive cyclicity (in 

females), weight, age, seasonality, and cage effects. We determined that reproductive 

cyclicity does not have a significant effect on immunophenotype in female mice and 

rather, there are sex-specific differences in immune cell composition and variability. In 

particular, we found that variability in immunophenotype was greater in male mice, and 

that weight was a significant covariate that contributed to male, but not female, data 

variation. Based on our results, we also provide summary statistics and reference tables 

for researchers to perform sample size calculations that consider differences in both 

immune cell composition and variation by biological sex.  

 

Methods  

 

Ethical approval. All animal experiments were performed in accordance with 

Institutional Animal Utilization Protocols approved by McMaster University’s Animal 

Research Ethics Board (Animal Utilization Protocol 17-05-19) following the 

recommendations of the Canadian Council on Animal Care and the ethical principles of 

the Journal of Physiology (Grundy, 2015). 
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Animals. Wildtype C57BL/6J mice were originally purchased from The Jackson 

Laboratory (RRID:IMSR JAX:000664) and bred at the McMaster University Central 

Animal Facility. All mice were cohoused 2-5 mice per cage (by sex) under specific 

pathogen-free conditions with constant ambient temperature (22˚C) on a 12 hour light-

dark cycle. Mice were fed a standard chow diet (8640 Teklad 22/5 Rodent Diet, Envigo) 

ad libitum and provided water ad libitum. Mice were sacrificed by cervical dislocation 

after blood collection, or if mice were used in further experiments, mice were given a 

subcutaneous injection of normal saline solution (0.9% NaCl) and eye gel following 

blood collection, and were monitored to ensure recovery. All sample sizes in the study 

indicate the number of individual mice. Female mice ~2-5 months of age (8-21 weeks; 

mean 12.4 weeks; n = 120) and male mice ~2.5-5 months of age (11-19 weeks; mean 14.1 

weeks; n = 67), i.e. sexually mature young adults, were used in this study. All mice were 

virgins. Recorded mean weights were 20.1 g for female mice (range: 16.9-23.9 g) and 

30.3 g for male mice (range: 26.3-37.3 g). Experimental groups are described in figures 

and tables.  

 

Reproductive cycle stage determination. Hormonal fluctuations across the murine 

reproductive cycle correspond to distinct changes to the vaginal epithelium, in terms of 

cell morphology and prevalence. Vaginal cytology is a well-established and accurate 

method for identifying female murine estrous cycle stage and the functional status of the 

hypothalamic-pituitary-ovarian axis (Byers et al., 2012; Cora et al., 2015; Chan et al., 

2018; Wallace et al., 2018). Vaginal cytological preparations were obtained from virgin 

female mice coincident with blood collection. Cells were collected with a cotton swab 
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moistened with sterile ambient temperature normal saline solution (0.9% NaCl), using a 

rolling motion against the vaginal epithelial wall, and transferred onto a dry glass 

microscope slide. Slides were air dried and stained with Gill Method Hematoxylin Stain 

(CS401-1D, Fisher Chemical) for 5 minutes to provide contrast. Slides were rinsed with 

tap water and air dried prior to histological assessment under a bright field microscope. 

All cytology assessments were performed by one individual to ensure consistency (Cora 

et al., 2015). Estrous stage was identified by examining cellular morphology and relative 

abundance of nucleated vaginal epithelial cells, cornified vaginal epithelial cells, and 

leukocytes, as previously described (Byers et al., 2012; Cora et al., 2015; Wallace et al., 

2018). Each cytological preparation was assigned to one of four estrous stages: diestrus 

(predominantly leukocytes), proestrus (predominantly nucleated epithelial cells), estrus 

(predominantly anucleated cornified epithelial cells), or metestrus (equal proportions of 

anucleated cornified epithelial cells, nucleated epithelial cells, and leukocytes). 

Representative images of each reproductive cycle stage are shown in Figure 2A. 

 

Blood collection and flow cytometry analysis. Peripheral blood was collected retro-

orbitally under isoflurane anesthesia for analysis by flow cytometry. Blood samples were 

collected in the morning to minimize effects of diurnal variation (Pick et al., 2019). 

Monoclonal antibodies with the following specificities were used with isotype and 

unstained controls to assess monocyte and neutrophil populations in 100 μL of whole 

blood: CD3 (1:750; 17A2; Alexa Fluor 700, RRID:AB_529508), CD11b (1:1200; M1/70; 

PE-Cy7, RRID:AB_469587), CD19 (1:750; eBio1D3; Alexa Fluor 700, 

RRID:AB_837082), CD45 (1:440; 30-F11; eFluor 450, RRID:AB_1518807), Ly6G 
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(1:1500; 1A8; Alexa Fluor 700, RRID:AB_2802355) and NK1.1 (1:750; PK136; Alexa 

Fluor 700, RRID:AB_2574504), all from eBioscience, and Ly6C (1:1200; HK1.4; Alexa 

Fluor 488; RRID:AB_10639728) from BioLegend. B cell, T cell and NK cell populations 

were identified using monoclonal antibodies and unstained and isotype controls with the 

following specificities in 100 μL of whole blood: CD3 (1:300; 17A2; Brilliant Violet 605; 

RRID:AB_2562039) from BioLegend, and CD4 (1:750; RM4-5; APC-eFluor780, 

RRID:AB_1272219), CD8 (1:750; 53-6.7; APC, RRID:AB_469334, or Alexa Fluor 488, 

RRID:AB_469896), CD11b (1:1200; M1/70; PE-Cy7, RRID:AB_469587), CD19 (1:750; 

eBio1D3; Alexa Fluor 700, RRID:AB_837082), CD45 (1:440; 30-F11; eFluor 450, 

RRID:AB_1518807), and NK1.1 (1:750; PK136; PE, RRID:AB_466048), all from 

eBioscience. All antibodies were titrated to determine optimal concentrations, and stains 

were prepared in 50 μL volumes. Reported dilutions for each antibody include total blood 

and antibody stain volume (i.e. 150 μL). Samples were stained with antibodies at room 

temperature for 30 minutes, incubated with 1x 1-step Fix/Lyse Solution (00-5333-54, 

eBioscience) for 10 minutes with frequent inversion, centrifuged at 2,000 rpm at room 

temperature, washed with FACs buffer (PBS, 0.5% w/v BSA, 1% EDTA, pH 7.6), and 

resuspended in FACs buffer for analysis. Samples were run on a BD Biosciences LSRII 

or BD Biosciences Fortessa flow cytometer (BD Biosciences). Data were analyzed using 

the FlowJo v9 software (Tree Star). Gating strategies are summarized in Figure 1. Total 

cell counts were determined with CountBright Absolute Counting Beads (C3650, Life 

Technologies).  
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Data curation. Female mouse data were collated from 9 experiments with n = 4-13 mice 

per experiment (all cell populations) and 6 experiments with n = 5-8 mice per experiment 

(monocyte and neutrophil stain only), from 2016 – 2019. Male mouse data were collated 

from 6 separate experiments with n = 4-8 mice per experiment, one experiment with n = 5 

mice (monocyte and neutrophil stain only) and one experiment with n = 30 mice, from 

2017 – 2019. The publicly available Jackson Laboratories Mouse Phenome Database 

(MPD; RRID:SCR_003212, www.phenomejax.org) (Bogue et al., 2018) was used to 

access the data set Jaxpheno4 (The Jackson Laboratory, 2007), which contains CBC 

(complete blood count) data from male and female mice 8 to 16 weeks of age. These data 

were obtained from 200 μL retro-orbital whole blood analyzed with a Bayer ADVIA 120 

Hematology Analyzer; further details are available from the online database. Data was 

accessed for C57BL/6J, BALB/cJ, C3H/HeJ, CBA/J, DBA/2J, FVB/NJ, and NOD/ShiLtJ 

classical inbred laboratory mouse strains. Jaxpheno4 data were used to examine 

peripheral lymphocyte, neutrophil, and total leukocyte population composition and 

variation by biological sex. 

 

Statistical analysis 

Leukocytes in the four reproductive cycle stages in female mice were analyzed by 

parametric one-way ANOVA if the leukocyte population was normally distributed 

(assessed by either Shapiro-Wilk test for normality or Brown-Forsythe test for equal 

variance) and the Brown-Forsythe test was not significant. Data that were not normally 

distributed were analyzed by non-parametric Kruskal-Wallis test. As no tests were 

statistically significant, post-hoc multiple comparison tests were not performed. 

http://www.phenomejax.org/
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Comparisons of leukocyte populations between male and female mice were analyzed by 

unpaired two-tailed Student’s t test (parametric) with Welch’s correction (assuming 

unequal variances between male and female mice) or Mann-Whitney U test (non-

parametric) according to normality. Comparisons of CBC data from C57BL/6J mice and 

other inbred mouse strains were performed by two-way ANOVA with correction for 

multiple comparisons between C57BL/6J mice and other strains by Dunnett’s test. Data 

were analyzed and plotted with GraphPad Prism version 6 (GraphPad Software, 

RRID:SCR_002798). Effect size and sample size calculations were performed in 

G*Power (Faul et al., 2007) (v.3.1.9.4, RRID:SCR_013726), with α = 0.05 and 80% 

power. Two-group two-tailed comparisons were calculated using the statistical test 

Means: Difference between two independent means (two groups). Calculations of sample 

sizes for immune cell population comparisons within each sex were performed using 

immune cell population mean, calculated mean based on a set percent change, and equal 

standard deviation. More robust analyses of within-group and between-group composition 

and variation were performed using the vegan, lme4, and sjstats packages and default 

functions available from CRAN (https://cran.r-project.org/) using the R programming 

language in RStudio (v.3.3.4, RRID:SCR_000432). Differences in immune cell 

population composition between reproductive cycle stages in female mice and by 

biological sex were examined by permutational multivariate analysis of variance 

(PERMANOVA) with the adonis function. Immune cell population variation within 

reproductive cycle stages and within a biological sex was assessed using a permutation 

test for homogeneity of multivariate dispersions (PERMDISP) with the betadisper and 

permutest functions to compare the median distance-to-centroid of each group. Principal 

https://cran.r-project.org/
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Component Analysis (PCA) ordination plots were generated using the prcomp function 

and devtools and ggbiplot packages. Data was processed prior to performing PCA to 

avoid overemphasis on variables with high mean values (mean centering), and to account 

for populations with a greater range of values (variance scaling). The intraclass 

correlation coefficient (ICC) was calculated for immune cell populations using the mixed 

effect model with sex and age as the fixed effects and cage as the random effect (Fleiss & 

Cohen, 1973; Moen et al., 2016). The design effect (DE) was calculated as DE = 

1+ICC(m-1), where m is the average number of mice per cage (mean ± SD: 3.91 ± 1.10). 

Statistical significance was defined as a P value of <0.05. 

 

Data availability 

Data from this study are available from the corresponding author upon request. 

 

Results 

 

Reproductive cycle stage does not significantly change peripheral immune cell 

prevalence or variability in female mice 

We quantified leukocytes in peripheral whole blood of young female mice by flow 

cytometry. We identified reproductive cycle stage in each individual mouse by 

examination of vaginal smear epithelial and immune cell prevalence and morphology 

(Figure 2A). Vaginal cytology is a non-invasive accepted standard method for 

determination of reproductive cycle stage in female mice, as it provides an indirect yet 

accurate assessment of ovarian hormone fluctuations (Byers et al., 2012; Cora et al., 
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2015; Chan et al., 2018; Wallace et al., 2018). Myeloid immune cells (Figure 2, B to F), 

lymphocytes (Figure 2, G to L), their ratio (Figure 2M), and total leukocyte counts 

(Figure 2N), were not significantly different between reproductive cycle stages. Mouse 

weight was not significantly different between the reproductive stage groups (Figure 2O; 

mean ± SD: proestrus, 20.4 ± 1.38 g; estrus 20.2 ± 1.52 g; metestrus, 20.5 ± 1.78 g; 

diestrus, 20.2 ± 1.22 g), nor was age (Figure 2P). Reproductive cycle stage therefore did 

not alter any of the leukocyte populations examined, whether as a proportion of total 

CD45+ leukocytes (Figure 2) or as absolute cell counts (data not shown).  

 

We next assessed whether there were significant changes in whole population 

immunophenotype between each reproductive cycle stage. We plotted our data by estrous 

stage using PCA (Principal Component Analysis) (Figure 2Q), with PC1 and PC2 

illustrating 76.9% of variance in the dataset. We determined using a whole-population 

analysis approach (i.e. considering all individual leukocyte populations simultaneously) 

that immunophenotype was similar in each stage of the female reproductive cycle 

(PERMANOVA: P = 0.467, R2 = 0.04856). Leukocyte population variance was also not 

altered by reproductive cycle stage (PERMDISP: P = 0.882, F = 0.2315; Figure 2R). We 

repeated these analyses using absolute cell counts, and likewise found that data 

composition and variation were similar in each stage of the reproductive cycle (Figure 2S; 

PERMANOVA: P = 0.213, R2 = 0.07242; PERMDISP: P = 0.510, F = 0.8152). These 

results indicate that inter-individual female mouse leukocyte populations, and 

immunophenotype as a whole, are not altered by reproductive cycle stage, either in terms 

of their composition or variation.  
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We also considered a simplified approach to characterize reproductive cyclicity, grouping 

data from proestrus and estrus (absence of leukocytes in vaginal smears; estradiol-

dominant stages analogous to human follicular phase) and metestrus and diestrus 

(presence of leukocytes in vaginal smears; progesterone-dominant stages analogous to 

human luteal phase) (Byers et al., 2012; Cora et al., 2015). When our data were separated 

into these two groups, we again found no differences in peripheral leukocyte population 

composition or variation, whether we considered proportional data (Figure 2T; 

PERMANOVA: P = 0.561, R2 = 0.01007; PERMDISP: P = 0.416, F = 0.7168) or 

absolute cell counts (Figure 2U; PERMANOVA: P = 0.200, R2 = 0.02419; PERMDISP: 

P = 0.231, F = 1.6276). In summary, female mouse reproductive cyclicity does not 

significantly alter inter-individual peripheral leukocyte population prevalence, nor does it 

increase peripheral leukocyte variation under normal physiological and experimental 

conditions. 

 

Peripheral immunophenotype is not more variable in C57BL/6J female mice 

compared to male mice 

For many years, researchers assumed that data obtained from male mouse models were 

representative of data from female mouse models, and vice versa (Beery, 2018; Shansky, 

2019). Using data collected for our reproductive cycle stage assessments in female mice, 

and additional immunophenotyping data from young adult male (~2.5-5 months of age; 

11-19 weeks; mean 14.1 weeks) and female mice (~2-5 months of age; 8-21 weeks; mean 

12.4 weeks), we performed pairwise comparisons of immune cell populations by 

biological sex (Figure 3, Tables 1 to 3). We confirmed that female and male peripheral 
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blood immune cell profiles are not the same. Male mice had higher proportions (of 

CD45+ leukocytes) of monocytes (Figure 3A), neutrophils (Figure 3B), and NK cells 

(Figure 3C), whereas female mice had higher proportions of B cells (Figure 3D), CD4+ T 

cells (Figure 3E), and CD8+ T cells (Figure 3F). Absolute cell count data also 

demonstrated significant sex differences (Table 3). It is important to note that although 

mean values are different by biological sex, the range of data values for most immune cell 

populations overlaps between male and female mice for both proportional data and 

absolute counts, in particular for NK cells, CD4+ T cells, and CD8+ T cells. For example, 

although the mean prevalence of CD8+ T cells is higher in female mice (mean ± SD: 7.06 

± 1.74% as a proportion of total leukocytes) in comparison to male mice (5.89 ± 1.10%), 

the range of male mouse CD8+ T cell prevalence is from 3.44 to 8.24%, which is 

completely within the identified range of CD8+ T cells in female mice (2.24 to 9.96%) 

(Table 2). These observations of overlapping data ranges, rather than completely distinct 

distributions, suggest that assessing biological sex-associated variation would be more 

informative than comparison of absolute means, when considering sex differences in 

peripheral immune cells.  

 

There is a widely held assumption across biomedical research disciplines that 

reproductive cyclicity increases the variability of data generated in females (Wald & Wu, 

2010; Beery, 2018; Shansky, 2019). We found that reproductive cycle stage did not 

contribute to variation in female mouse immunophenotype. We next investigated whether 

there was any merit to the belief that female data is more variable than male data. We 

initially considered variation in each of the leukocyte populations in terms of standard 
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deviation (i.e. actual dispersion of data) and coefficient of variation (CV; i.e. scaled 

dispersion), which differed according to immune cell subset. For example, while B cells 

had a higher coefficient of variation in male mice (male CV 25.4%; female CV 8.4%), 

CD8+ T cells were more variable in female mice (male CV 18.7%; female CV 24.6%), yet 

the coefficient of variation of CD4+ T cells was similar in male mice and female mice 

(male CV 20.4%; female CV 20.2%) (Table 2).  

 

We then assessed whole-population leukocyte changes and variability by biological sex. 

Immunophenotype data were plotted using PCA for leukocyte subsets as proportions of 

CD45+ leukocytes (Figure 3G) and as absolute cell counts (Figure 3H). Consistent with 

our analysis of individual leukocyte subsets, we found a sex-specific effect on the 

prevalence of all leukocyte populations (PERMANOVA: P = 0.001; R2 = 0.35224), and 

their absolute cell counts (PERMANOVA: P = 0.001, R2 = 0.1590). We found that 

biological sex explains 35.2% of variance in the immune cell populations (by proportions; 

15.9% by absolute cell counts). Analysis of homogeneity showed a difference in variance 

of leukocyte populations by biological sex (Figure 3I; PERMDISP; proportions: P = 

0.001, F = 36.673; absolute cell counts: P = 0.023, F = 4.990), which was greater in male 

mice compared to female mice. 

 

Peripheral immunophenotype is influenced by weight in male mice 

We further considered experimental and biological factors that may have contributed to 

variability in our data. All blood was collected, processed, and analyzed in a similar 

manner, to minimize effects of circadian rhythm and day-to-day experiment variation 
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(Pick et al., 2019). The mice were all derived from an in-house breeding program, were 

of the same genotype, were separated by sex and unmated, and were maintained with 

similar cage conditions (bedding, enrichment, food, cohousing). Using univariate 

analysis, we evaluated whether factors like age, weight, social dominance, and time of 

year (season), contributed to variation in our data on a population-level basis (Table 4). 

Time of year (grouped by season) and social dominance (using within-cage weight 

differences as a proxy) did not contribute to data variation in either male or female mice. 

We found that both weight (grouped according to standard deviation or 95% confidence 

interval) and age (in weeks) contributed to overall leukocyte immunophenotype variation 

in male mice. Female mouse data showed a similar (though cumulatively smaller) effect 

of age on data variation (Table 4). There were no associations between female 

immunophenotype variation and weight, social dominance, or time of year. Overall, our 

data demonstrate that age, even within the small age range of our ‘young adult mouse’ 

dataset (~2-5 months of age), influences female and male immunophenotype variation, 

whereas weight may also affect immunophenotype variation in male mice.  

 

Flow cytometry and complete blood count peripheral immune cell data show greater 

variability in male mice 

Flow cytometry is a common method to identify immune cells in peripheral blood, but 

CBC data are also widely used in preclinical and clinical research (Hoggatt et al., 2016). 

Our flow cytometry data showed a large range of cell counts and proportional values for 

B cell and neutrophil populations in male mice (Figure 3; Tables 1 to 3), so we next 

compared our data with CBC data from the publicly available Jaxpheno4 dataset (see 
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Methods; Figure 4, Tables 5 and 6). While overall cell proportions and counts were 

slightly different as a result of cell population identification methods (i.e. flow cytometry 

identifies leukocytes using antigen-specific fluorophore-conjugated monoclonal 

antibodies whereas CBC identifies leukocytes by size using electrical resistance) (Hoggatt 

et al., 2016), similar observations were apparent. Neutrophil cell counts and proportional 

prevalence were higher in male mice compared to female mice (Figure 4, A to B and E to 

F). Lymphocyte cell counts were higher in female mice compared to male mice by CBC, 

but not flow cytometry analysis (Figure 4, C to D), while female mice had higher 

proportions of lymphocytes by CBC and flow cytometry analysis compared to male mice 

(Figure 4, G to H). As well, the range of values and variance were consistently greater in 

male mice compared to female mice for the CBC-derived and flow cytometry-derived 

prevalence data for lymphocytes (CBC % white blood cells: male CV 31.3%, female CV 

4.6%; flow cytometry % leukocytes: male CV 20.8%, female CV 4.23%) and neutrophils 

(CBC % white blood cells: male CV 82.3%; female CV 43.5%, flow cytometry % 

leukocytes: male CV 68.2%, female CV 36.8%) (Tables 5 and 6). These CBC data 

corroborated our flow cytometry results showing that peripheral blood lymphocyte and 

neutrophil prevalence is indeed more variable in male mice compared to female mice. 

 

Peripheral blood immune cell prevalence and variability are not consistent across 

classical inbred laboratory mouse strains 

We used C57BL/6J mice in our experiments, which is the most common inbred mouse 

strain used by biomedical researchers and is widely used for the generation of knockout 

and transgenic mouse models. To investigate whether our observations are also applicable 
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to other mouse strains, we accessed CBC and differential count data from the Jaxpheno4 

dataset for a subset of other common laboratory strains of wildtype inbred mice: 

BALB/cJ, C3H/HeJ, CBA/J, DBA/2J, FVB/NJ, and NOD/ShiLtJ (Figure 5, Tables 5 and 

6). While C57BL/6J lymphocyte and neutrophil prevalence data had the highest variation 

(assessed from standard deviation and coefficient of variation) in male mice, some mouse 

strains had either similar variation between sexes (e.g. C3H/HeJ), or higher variation in 

females (e.g. CBA/J). Effects of biological sex and strain on these CBC measurements 

were assessed by two-way ANOVA for lymphocyte and neutrophil mean population cell 

counts and prevalence. As summarized in Tables 5 and 6, there was a significant 

interaction between the effects of sex and strain on neutrophil prevalence, lymphocyte 

prevalence, and cell counts of neutrophils and lymphocytes. Simple main effects analysis 

showed that there was a significant effect of strain for all cell populations, while an effect 

of biological sex was significant for lymphocyte cell counts and prevalence, and 

neutrophil prevalence, but not neutrophil cell counts. These data show that despite similar 

genetic origins and limited haplotype diversity (Yang et al., 2007; Yang et al., 2011), 

inbred laboratory mouse strains have considerable strain and sex-specific variability in 

peripheral blood immune cell characteristics.  

 

Individual peripheral leukocyte populations have distinct sample size requirements 

We have shown that sex-specific differences exist in immunological data from peripheral 

blood, so using equal sample sizes of male and female subjects (at least in mice) is not 

optimal to determine whether there are differences in specific traits or treatment outcomes 

within a biological sex (Festing & Altman, 2002; Nakagawa & Cuthill, 2007; Piper et al., 
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2019). Although sample sizes should be determined by a calculated effect size (e.g. after 

performing a pilot study), this is not always feasible. Our flow cytometry data for young 

adult C57BL/6J female and male mice was collected under normal physiological 

conditions (Tables 1 to 3), and can be used to perform a priori calculations for 

experiment planning (Festing & Altman, 2002). To illustrate, we used our calculations of 

mean and standard deviation for leukocyte populations, based on a predicted percent 

change in population prevalence, to generate a table of possible sample sizes for 

commonly used two-group comparisons (Table 7). For example, using the mean and 

standard deviation of the prevalence of CD4+ T cells in female mice (Table 2), we 

calculated that an experiment with two independent groups (e.g. control and treatment), 

with an expected 30% change in CD4+ T cell prevalence after treatment (Cohen's d = 

1.48), would require a sample size of 9 female mice in each group. In addition, we 

calculated sample sizes for two-group comparisons of neutrophils and total lymphocytes 

using CBC data, which were similar or even greater than sample sizes calculated from our 

flow cytometry data (Table 8). These tables illustrate that leukocyte populations have 

distinct sex-specific requirements for sample size determination to assess a similar 

magnitude change. In accordance with our observations of sex-specific differences of data 

variation within leukocyte populations, our calculations show that male and female mice 

often have separate sample size recommendations for the same expected percent change 

or effect size.  

 

Group housing of multiple mice within a single cage is widely used to ensure animal 

welfare while optimizing experimental design and cost (Horii et al., 2017; Kappel et al., 
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2017). Though dependent on study design, the standard practice is often to assume that 

potential effects of mouse housing cage are irrelevant for a given level of statistical power 

for a study, so each mouse is considered as an independent sample and the dependence of 

mice in the same cage is largely ignored (Basson et al., 2020). We therefore calculated 

the required sample size (n0), assuming that mice are independent, for each immune cell 

population (Tables 7 and 8). However, the clustering effect of housing cage may be an 

important contributor to the estimation of statistical power and sample size (Collins & 

Tabak, 2014; Parker & Browne, 2014; Baker, 2016; Basson et al., 2020). To assess the 

impact of using data from mice within the same cage compared to different cages on our 

sample size and statistical power calculations due to the intra-cage (clustering) effects, we 

also calculated the intraclass correlation coefficient and design effect (Table 9). These 

factors can be applied to adjust the required sample size (adjusted sample size n = n0*DE) 

to account for the similarity of mice within the same cage, for each immune cell 

population (Fleiss & Cohen, 1973; Moen et al., 2016). 

 

Discussion  

Blood immune cell composition is reflective of whole-body immunological status 

(Kaczorowski et al., 2017). Blood immunophenotype is modified by sex, gender, genetics 

and environmental factors, as well as other conditions that impact the endocrine-immune 

axis, including obesity, physical activity, pregnancy, and age (Fish, 2008; Pennell et al., 

2012; Brodin et al., 2015; Brodin & Davis, 2017; Mangino et al., 2017). While these 

factors contribute to significant inter-individual variation, repeated assessments across 

weeks to months, and even years, suggest that the peripheral immune cell composition of 
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a healthy adult individual is fairly stable in the absence of perturbations such as 

vaccination or an acute infection (Orru et al., 2013; Tsang et al., 2014; Carr et al., 2016; 

Shen-Orr et al., 2016). However, there remains considerable uncertainty regarding the 

effects of the female reproductive cycle on immunophenotype (Becker et al., 2005; Wald 

& Wu, 2010; Fields, 2014). Multiple studies have attempted to document changes in the 

prevalence, phenotype, and/or function of peripheral immune cells in relation to the 

menstrual cycle in humans (Bain & England, 1975; Mathur et al., 1979; Northern et al., 

1994; Faas et al., 2000; Bouman et al., 2001a, b; Darmochwal-Kolarz et al., 2003; Lee et 

al., 2010; Prasad et al., 2014; Nowak et al., 2016). These studies vary widely in design, in 

terms of blood collection and assessment procedures, how the menstrual cycle is tracked, 

the number of cycles evaluated, when blood is collected during the day and when during 

the reproductive cycle, group size, as well as subject demographics including age and 

weight. Perhaps it is not then surprising that there is no agreement as to whether 

immunophenotype changes in relation to the female reproductive cycle. The lack of 

consensus in human data may be due to the general inter-individual variation of 

immunophenotype, independent of reproductive cyclicity (Orru et al., 2013; Tsang et al., 

2014; Carr et al., 2016; Shen-Orr et al., 2016; Kaczorowski et al., 2017), or could be 

indicative of combined effects of differences in genetics and environmental-social context 

on endocrine-immune interactions in study populations (Demas & Carlton, 2015).  

Experimental animal models used to assess the physiological effects of ovarian hormones 

often administer supraphysiological levels of exogenous sex-steroids, deplete endogenous 

hormone production through surgery (ovariectomy) or use pharmacological intervention 

(Diaz Brinton, 2012). Consequently, there was little evidence to indicate whether changes 
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to immunophenotype occur due to normal endogenous hormone variations within the 

reproductive cycle. We investigated the effects of reproductive cyclicity on inter-

individual immunophenotype composition and variability using genetically identical 

C57BL/6J inbred female mice under controlled environmental and experimental 

conditions to mitigate sources of variation. Reproductive stage was determined by an 

accepted standard, vaginal cytology, at the time of blood collection in individual mice. To 

our knowledge, this is the first study to examine associations between murine peripheral 

immune cell populations and estrous cycle stage by flow cytometry.  

 

Our data show that large shifts in immunophenotype do not occur between the four stages 

of the mouse estrous cycle, or between estradiol or progesterone-dominant stages. These 

results are consistent with previous studies that quantified leukocytes in blood smears 

across successive estrous cycles in the same group of BALB/c mice over 4 months (total 

leukocytes and lymphocytes) (Mysliwska et al., 1975), and by CBC in white rats over 2.5 

months (total leukocytes, lymphocytes, neutrophils and eosinophils) (Gloskowska-

Moraczewska & Sitarska, 1973). Our study was not designed to assess whether immune 

cell activation or function differs across the reproductive cycle, as has been suggested by 

observations of changes to lymphocyte size and nuclear structure in blood smears 

collected from mice across successive estrous cycles (Mysliwska et al., 1975). While 

direct manipulation of ovarian function and/or exposure of mice to supraphysiological 

levels of ovarian sex hormones was not within the scope of our investigation, a recent 

study found that there was no effect of exogenous estradiol-hemisuccinate or 

medroxyprogesterone-acetate treatment on total leukocytes in bone marrow, spleen, or 
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peripheral blood, compared to pre-injection assessments or measurements from control 

mice in estrus (estradiol-high) or diestrus (progesterone-high) reproductive stages (De 

Gregorio et al., 2018). Lymphocyte and granulocyte differential counts from blood 

smears were likewise unaffected by estradiol-hemisuccinate or medroxyprogesterone-

acetate treatment (De Gregorio et al., 2018). These previous studies are consistent with 

our observations that peripheral leukocyte composition is similar between stages of the 

reproductive cycle in young female mice. Therefore, if a researcher is not specifically 

interested in studying the effects of female sex hormones, or intra-individual effects, 

under typical experimental conditions there is no need to track the estrous cycle, measure 

hormones, or chemically/physically alter female mice to assess peripheral blood 

immunophenotype. Female mammals, including mice and humans, rely on the proper 

function of the hypothalamus-pituitary-ovarian axis for successful reproduction, and 

accordingly there are analogous, though different, patterns of hormone fluctuations across 

the ~4-5 day estrous cycle in mice and the ~28 day menstrual cycle in humans (Becker et 

al., 2005). Our data, from a clinical perspective, therefore suggests that inter-individual 

changes in peripheral blood immunophenotype may not be significant across the 

menstrual cycle. While we found that reproductive cyclicity did not alter peripheral blood 

immunophenotype, it is also important to note that both estrogen and testosterone 

modulate behaviour (McEwen et al., 2015; Gobinath et al., 2017), and accordingly 

estrous stage has been reported to impact some behavioural traits in female mice (ter 

Horst et al., 2012), just as testosterone also impacts some behaviours in male mice (Celec 

et al., 2015). 
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We characterized distinct sex-specific effects on peripheral blood leukocyte prevalence in 

C57BL/6J mice (Figure 3). Despite this, we also found that there were similarities in the 

range and distribution of male and female immune cell populations, whether expressed as 

absolute counts or as a proportion (of total leukocytes). Thus, we further considered 

whether there existed a sex-specific effect on the variability of data. We identified that 

male immunophenotype was significantly more variable than female immunophenotype 

in C57BL/6J mice, which contradicts the widely held assumption that reproductive 

cyclicity increases the variability of data collected from females (Wald & Wu, 2010; 

Beery, 2018; Shansky, 2019). Our experimental data is consistent with observations of 

Prendergast and colleagues, who reviewed 9932 mouse traits from 293 published articles 

and found that male traits had a broader distribution of variability than female traits, 

although the estrous cycle was not considered in their study (Prendergast et al., 2014). 

 

Immunophenotype variability in male, but not female mice, was found by univariate 

analysis to be significantly influenced by weight (Table 4). Mouse weight is affected by 

many factors including sex, age, diet, behaviour, and metabolism (Bartke & Dalterio, 

1975; Horii et al., 2017; Ingvorsen et al., 2017). While we did not further explore this 

observation, it may indicate that multivariate methods of analysis, such as linear mixed 

models, would be useful to consider in study design and analysis where weight is a 

potential confounding factor (Oellrich et al., 2016; Ingvorsen et al., 2017). Weights of 

mice within a cage have been used as a marker of social dominance, which is known to 

influence male mouse sex hormone levels (Bartke & Dalterio, 1975; Machida et al., 1981; 

Horii et al., 2017), though we did not see any effects on immunophenotype. Testosterone 
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is often assumed to be non-fluctuating, but there is considerable intra- and inter-

individual variation in peripheral testosterone (up to a 40-fold increase) in young sexually 

mature male mice, due to spontaneous release every 3-4 hours even in the absence of 

mating interactions (Bartke & Dalterio, 1975; Coquelin & Desjardins, 1982; Nyby, 2008). 

Whether male sex hormones may influence mouse immunophenotype variability under 

normal physiological conditions has never been tested to our knowledge. Testosterone has 

been reported to suppress B cell lymphopoiesis in the bone marrow, and B cell maturation 

in the spleen, resulting in decreased circulating B cells (Viselli et al., 1997; Wilhelmson 

et al., 2018), and has also been reported to stimulate neutrophil production (Chuang et al., 

2009). However, those experiments were performed by surgical manipulation 

(orchiectomy) or generation of transgenic androgen receptor knockout mice, and 

consideration of male sex hormones was outside the scope of our current study. 

Irrespective of whether male or female sex hormones influence immunophenotype, 

identifying potential sources of variation does not justify deliberate exclusion of either 

biological sex, but should guide experimental design. 

 

We compared our flow cytometry immunophenotype data with publicly available CBC 

data, and found considerable variation in neutrophil and total lymphocyte populations 

amongst several inbred mouse strains (Figure 5; Tables 5 and 6). We showed a continuum 

of immunological variation across classical inbred laboratory mouse strains and identified 

that immune cell counts, prevalence, and effects of biological sex are not consistent 

across multiple strains. Despite this, trends of immune cell prevalence in C57BL/6J mice 

(i.e. female mice have a higher proportion of lymphocytes and a lower proportion of 
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neutrophils) were also apparent in FVB/NJ, BALB/cJ, and DBA/2J mouse strains, and 

lower variability was likewise observed in neutrophil and lymphocyte populations of 

FVB/NJ and BALB/cJ female mice. Our data emphasize the importance of recording 

characteristics including mouse strain and source, sex, age and weight, and support the 

use of PREPARE (Planning Research and Experimental Procedures on Animals: 

Recommendations for Excellence) and ARRIVE (Animal Research: Reporting of In Vivo 

Experiments) guidelines when planning, conducting, and reporting experiments to 

improve critical analysis of data and reproducibility (Kilkenny et al., 2009; Clayton, 

2016; Smith et al., 2018).  

 

There has been increasing acknowledgement of a ‘reproducibility crisis’ in science 

(Collins & Tabak, 2014; Baker, 2016). This realization has reaffirmed the importance of 

power calculations and selection of appropriate sample size, which is hampered by the 

lack of biological data available for thoughtful and informed calculations (Nakagawa & 

Cuthill, 2007; Halsey et al., 2015; Higginson & Munafo, 2016; Piper et al., 2019). 

Reliable power calculations would minimize cost, ensure minimal and humane use of 

animals, and refine sensitivity and reproducibility of scientific data (Festing & Altman, 

2002; Shaw et al., 2002; Kilkenny et al., 2009; Burden et al., 2015). We used our flow 

cytometry data and publicly available CBC data to calculate sample sizes for two-group 

assessments (Tables 7 and 8). Our calculations illustrate that the often-standard practice 

of using equivalent sample sizes of male and female mice may be well-intentioned, but 

flawed (Festing & Altman, 2002). Sample size was almost equivalent for both sexes when 

considering total lymphocytes, total monocytes, and CD4+ T cells, but in contrast, 
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neutrophils and B cell measurements required fewer female mice, and fewer male mice 

were required for assessments of CD8+ T cells and NK cells. In addition, we 

demonstrated that the intra-cage clustering and the design effect (Table 9) for immune 

cell populations in peripheral blood are not insignificant (Fleiss & Cohen, 1973; 

Nakagawa & Cuthill, 2007). We expect this information can be of use in planning future 

immunophenotype experiments. These data illustrate the importance of considering male 

and female data by sex when there are sex-specific differences in data distribution, and 

support the use of factorial designs to evaluate effects of treatment and biological sex 

(Festing & Altman, 2002; Shaw et al., 2002; Beery, 2018).  

 

Our data complement those in meta-analyses demonstrating that categorical and 

continuous measures of behavioural, morphological, physiological, and molecular traits in 

female rodents are no more variable, or even less variable, than those of male rodents 

(Mogil & Chanda, 2005; Prendergast et al., 2014; Itoh & Arnold, 2015; Becker et al., 

2016; Dayton et al., 2016). Our study emphasizes the importance of reporting animal 

characteristics and their influence on experiment outcomes, addresses long-held 

assumptions about physiological effects of biological sex, and contributes to demystifying 

the influence, or lack thereof, of the female mouse reproductive cycle on routine blood 

immunophenotyping. 
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Table 1. Whole blood myeloid cell prevalence by biological sex in C57BL/6J mice. 

Leukocyte 
Population 

P valueA Sex n 
Mean Median 

SD Min. Max. 
CV 
(%) (95% CI) (95% CI) 

% CD45+ Leukocytes 

Neutrophils <0.0001 

Female 120 
5.73 5.27 

2.11 1.58 15.1 36.8 
(5.35 – 6.11) (4.92 – 5.52) 

Male 67 
19.0 12.9 

13.0 5.26 55.9 68.2 
(15.9 – 22.2) (11.2 – 18.8) 

Monocytes <0.0001 

Female 120 
5.51 5.21 

1.62 2.29 9.50 29.4 
(5.21 – 5.80) (4.94 – 5.50) 

Male 67 
9.70 9.05 

3.03 5.43 17.6 31.2 
(8.96 – 10.4) (7.97 – 9.91) 

Ly6Chigh 
Monocytes 

<0.0001 

Female 120 
2.60 2.44 

1.04 0.94 5.67 39.8 
(2.41 – 2.79) (2.22 – 2.66) 

Male 67 
5.82 4.76 

3.18 2.03 15.6 54.6 
(5.05 – 6.60) (4.39 – 5.58) 

Ly6Clow 

Monocytes 
<0.0001 

Female 120 
1.26 1.23 

0.34 0.62 2.22 27.0 
(1.20 – 1.32) (1.16 – 1.30) 

Male 67 
1.61 1.48 

0.61 0.69 3.91 37.9 
(1.46 – 1.76) (1.36 – 1.65) 

Ly6Chigh : 
Ly6Clow    
Ratio 

<0.0001 

Female 120 
2.05 1.96 

0.52 1.04 3.94 25.4 
(1.95 – 2.14) (1.85 – 2.07) 

Male 67 
4.43 2.05 

3.63 1.30 20.3 81.9 
(3.51 – 5.35) (2.68 – 3.58) 

Ly6C- 

Monocytes 
<0.0001 

Female 120 
1.65 1.53 

0.51 0.63 3.06 30.8 
(1.56 – 1.74) (1.44 – 1.68) 

Male 67 
2.39 2.17 

0.81 1.01 4.91 34.0 
(2.19 – 2.59) (2.09 – 2.42) 

% Monocytes 

Ly6Chigh 
Monocytes 

<0.0001 

Female 120 
46.4 46.7 

7.41 23.9 63.6 16.0 
(45.0 – 47.7) (44.8 – 48.4) 

Male 67 
57.0 54.2 

14.0 33.7 88.7 24.5 
(53.6 – 60.4) (50.7 – 59.9) 

Ly6Clow 

Monocytes 
<0.0001 

Female 120 
23.2 23.1 

2.76 15.8 29.8 11.9 
(22.7 – 23.7) (22.4 – 23.6) 

Male 67 
17.2 18.1 

5.45 4.37 30.1 31.8 
(15.8 – 18.5) (16.8 – 19.3) 

Ly6C- 

Monocytes 
0.0142 

Female 120 
30.6 30.1 

6.86 17.3 53.9 22.5 
(29.3 – 31.8) (27.6 – 31.2) 

Male 67 
26.6 26.9 

9.82 7.01 48.7 37.0 
(24.2 – 29.0) (24.3 – 29.7) 

% Ly6C+ Monocytes 

Ly6Chigh 
Monocytes 

<0.0001 

Female 120 
66.4 66.3 

5.22 51.2 79.8 7.86 
(65.5 – 67.3) (65.0 – 67.5) 

Male 67 
76.6 75.4 

8.92 56.5 95.4 11.6 
(74.4 – 78.8) (73.1 – 77.7) 

AP values are for non-parametric Mann-Whitney U tests.  
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Table 2. Whole blood lymphocyte prevalence by biological sex in C57BL/6J mice. 

Leukocyte 
Population 

P valueA Sex n 
Mean Median 

SD Min. Max. 
CV 
(%) (95% CI) (95% CI) 

% CD45+ Leukocytes 

Total 
Lymphocytes 

<0.0001MW 

Female 77 
83.7 84.9 

3.54 75.2 91.1 4.23 
(82.9 - 84.5) (84.4 - 85.4) 

Male 62 
68.1 73.0 

14.2 30.9 85.2 20.8 
(64.5 - 71.7) (68.4 - 76.0) 

NK cells <0.0001MW 

Female 77 
2.34 2.26 

0.85 0.53 4.49 36.3 
(2.15 – 2.54) (2.05 – 2.49) 

Male 62 
2.95 2.86 

0.82 1.59 5.67 27.7 
(2.75 – 3.16) (2.52 – 3.13) 

B cells <0.0001MW 

Female 81 
63.8 63.2 

5.35 51.9 78.6 8.4 
(62.6 – 65.0) (62.0 – 64.9) 

Male 62 
50.6 53.8 

12.9 20.1 70.2 25.4 
(47.4 – 53.9) (49.8 – 56.7) 

CD4+ T cells <0.0001ST 

Female 81 
9.85 10.1 

1.99 4.12 14.7 20.2 
(9.41 – 10.3) (9.55 – 10.5) 

Male 62 
8.01 7.97 

1.64 4.51 13.0 20.4 
(7.60 – 8.43) (7.52 – 8.32) 

CD8+ T cells <0.0001MW 

Female 81 
7.06 7.18 

1.74 2.24 9.96 24.6 
(6.68 – 7.45) (6.55 – 7.75) 

Male 62 
5.89 5.99 

1.10 3.44 8.24 18.7 
(5.61 – 6.17) (5.56 – 6.30) 

CD4+ : CD8+ 
Ratio 

0.0654ST 

Female 81 
1.43 1.40 

0.20 0.93 2.04 14.0 
(1.38 – 1.47) (1.35 – 1.48) 

Male 62 
1.37 1.37 

0.16 0.93 1.78 11.9 
(1.33 – 1.41) (1.32 – 1.42) 

% Lymphocytes 

NK cells <0.0001MW 

Female 77 
2.82 2.65 

1.09 0.615 5.48 38.5 
(2.58 - 3.07) (2.46 - 2.99) 

Male 62 
4.56 4.33 

1.63 2.33 9.44 35.7 
(4.14 – 4.97) (3.79 – 4.77) 

B cells 0.0385MW 

Female 77 
76.0 75.0 

4.80 67.0 91.3 6.32 
(74.9 - 77.1) (73.8 - 76.5) 

Male 62 
73.5 74.0 

5.34 57.1 83.3 7.26 
(72.1 – 74.8) (72.8 – 75.4) 

CD4+ T cells 0.4172ST 

Female 77 
11.8 12.0 

2.47 4.78 17.3 20.9 
(11.2 - 12.4) (11.6 - 12.7) 

Male 62 
12.2 11.9 

2.83 7.26 20.0 23.3 
(11.4 – 12.9) (10.8 – 12.9) 

CD8+ T cells 0.6827MW 

Female 77 
8.46 8.85 

2.11 2.60 12.4 25.0 
(7.99 - 8.94) (8.02 - 9.27) 

Male 62 
8.87 8.64 

1.68 5.20 14.8 19.0 
(8.44 – 9.29) (8.48 – 9.14) 

AP values are for parametric Student’s t (ST) or non-parametric Mann-Whitney U (MW) tests.  
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Table 3. Whole blood immune cell population counts by biological sex in C57BL/6J mice.A 

Leukocyte 
Population 

P valueB Sex n 
Mean Median 

SD Min. Max. 
CV 
(%) (95% CI) (95% CI) 

Neutrophils <0.0001 

Female 115 
183 157 

88 23 390 48.2 
(167 - 200) (144 - 182) 

Male 30 
754 524 

604 125 2288 80.1 
(529 - 980) (322 - 963) 

Monocytes <0.0001 

Female 115 
185 166 

86 32 496 46.7 
(169 - 201) (154 - 190) 

Male 30 
301 257 

158 107 814 52.6 
(242 - 361) (215 - 330) 

Ly6Chigh 
Monocytes 

<0.0001 

Female 115 
86 77 

47 11 306 54.4 
(77 - 94) (69 - 84) 

Male 30 
186 149 

135 42 659 72.5 
(135 - 236) (117-198) 

Ly6Clow 

Monocytes 
<0.0001 

Female 115 
42 39 

18 9 115 43.5 
(39 - 46) (36 - 45) 

Male 30 
46 42 

21 15 93 46.3 
(38 - 54) (33 - 61) 

Ly6C- 

Monocytes 
<0.0001 

Female 115 
57 55 

29 10 176 50.6 
(51 - 62) (49 - 60) 

Male 30 
70 62 

30 25 143 43.6 
(58 - 81) (49 - 85) 

NK cells 0.0521 

Female 72 
77 68 

41 18 206 53.5 
(68 - 87) (60 - 81) 

Male 30 
95 83 

49 26 215 52.1 
(76 - 113) (64 - 98) 

B cells 0.0897 

Female 76 
2082 1891 

770 778 4464 37.0 
(1906 - 2258) (1751 - 2165) 

Male 30 
1802 1712 

954 318 4650 52.9 
(1446 - 2158) (1230 - 2159) 

T cells 0.0205 

Female 76 
581 529 

245 200 1394 42.2 
(525 - 638) (478 - 596) 

Male 30 
478 393 

209 192 982 43.7 
(400 - 556) (358 - 485) 

CD4+ T cells 0.0201 

Female 76 
321 296 

130 123 727 40.5 
(292 - 351) (257 - 336) 

Male 30 
264 229 

113 107 552 42.7 
(222 - 306) (196 - 283) 

CD8+ T cells 0.0303 

Female 76 
234 212 

108 62 610 46.1 
(209 - 259) (185 - 234) 

Male 30 
193 158 

88 79 392 45.6 
(160 - 226) (140 - 191) 

AAll cell counts are cells/μL. 

BP values are for non-parametric Mann-Whitney U tests. 
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Table 4. Assessments of factors affecting immune cell population variance and distribution 

in young female and male C57BL/6J mice. 

Assessment  
FactorA 

Male Female 

n 

PERMANOVA PERMDISP 

n 

PERMANOVA PERMDISP 

P R2 P F P R2 P F 

AgeB 62 0.001 0.34476 0.245 1.3856 81 0.001 0.31340 0.232 1.4269 

Weight – SDC,H 30 0.015 0.24394 0.192 1.7401 67 0.193 0.04590 0.554 0.6710 

Weight - 95% CID,H 30 0.001 0.50791 0.054 3.3152 67 0.899 0.00930 0.600 0.5063 

DominanceE,H 30 0.565 0.04554 0.674 0.4099 67 0.802 0.01400 0.234 1.4252 

Estrous StageF NA NA NA NA NA 58 0.467 0.04856 0.882 0.2315 

Time of YearG 
62 0.0679 0.07456 0.379 1.0578 81 0.152 0.04137 0.590 0.5117 

AStatistical significance was assessed using the R functions adonis (PERMANOVA for 

immunophenotype composition) and permdisp (assessment of homogeneity for 

immunophenotype variance) on immunophenotype data. 
BAge in weeks. 
CMice were divided into three groups according to standard deviation (SD) from the mean: 

weight lower than mean–1SD, weight within mean±SD, and weight greater than mean+1SD.  
DMice were divided into three groups according to the 95% confidence interval (CI) of the mean: 

weight less than the 95% CI, weight within the 95% CI, and weight greater than the 95% CI. 
ESocial dominance was assessed by using mouse weight as a proxy measure (Machida et al., 

1981; Horii et al., 2017) to divide mice within a cage into three groups. The heaviest mouse in 

each cage was identified as ‘most dominant’, the lightest mouse in each cage was identified as 

‘least dominant’, and the other mice in the cage were identified as ‘intermediate’.  
FReproductive cycle (estrous) stage as determined by vaginal cytology; from Figure 2. 
GTime of Year was divided into 3-month seasons: Winter (December – February), Spring (March 

– May), Summer (June-August), and Autumn (September – November). 
HWeight data was not available for all mice, resulting in smaller sample size for those 

calculations. 
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Table 5. CBC cell counts of neutrophils and lymphocytes in whole blood of female and male mice of classical laboratory inbred 

strains.  

  
CBC Cell Count (x103cells/μl)A 

 Neutrophils Lymphocytes 

Strain Sex n Mean SD 95% CI CV (%) 
vs C57BL/6J 

Mean SD 95% CI CV (%) 
vs C57BL/6J 

P valueB P valueB 

C57BL/6 
Female 77 0.2419 0.1599 0.206 – 0.278 66.1 na 2.734 1.293 2.440 – 3.027 47.3 na 

Male 64 0.8245 0.9107 0.597 – 1.052 110.5 na 1.899 0.838 1.690 – 2.108 44.1 na 

BALB/cJ 
Female 22 0.4873 0.1929 0.402 – 0.573 39.6 0.0801 2.613 0.527 2.380 – 2.847 20.2 0.9928 

Male 21 0.6033 0.2899 0.471 – 0.735 48.0 0.1707 2.142 1.428 1.492 – 2.792 66.7 0.8307 

C3H/HeJ 
Female 23 0.6630 0.1427 0.601 – 0.725 21.5 0.0001 2.068 0.681 1.774 – 2.363 32.9 0.0122 

Male 22 0.6523 0.2642 0.535 – 0.769 40.5 0.3999 1.847 0.615 1.574 – 2.120 33.3 0.9997 

CBA/J 
Female 43 0.4709 0.3233 0.371 – 0.570 68.7 <0.0001 1.917 0.630 1.723 – 2.110 32.9 <0.0001 

Male 46 0.3439 0.1150 0.310 – 0.378 33.5 0.0030 1.456 0.553 1.292 – 1.620 38.0 0.0158 

DBA/2J 
Female 34 0.9350 0.5856 0.731 – 1.139 62.6 <0.0001 3.757 1.346 3.287 – 4.227 35.8 <0.0001 

Male 31 0.6684 0.2286 0.585 – 0.752 34.2 0.0463 2.485 0.787 2.196 – 2.773 31.7 0.2813 

FVB/NJ 
Female 21 0.2824 0.1217 0.227 – 0.338 43.1 0.9982 2.390 1.003 1.933 – 2.846 42.0 0.5071 

Male 25 0.6168 0.5119 0.405 – 0.828 83.0 0.1696 1.794 0.838 1.448 – 2.140 46.7 0.9952 

NODShiLtJ 
Female 41 0.6307 0.2215 0.561 – 0.701 35.1 <0.0001 1.626 0.697 1.406 – 1.846 42.9 <0.0001 

Male 47 0.5234 0.1825 0.470 – 0.577 34.9 0.0011 1.174 0.498 1.028 – 1.320 42.4 0.0002 

  
Source of 
Variation 

Sex F(1,503) = 3.507 0.0617 Sex F(1,503) = 50.18 0.0302 

Strain F(6,503) = 6.758 <0.0001 Strain F(6,503) = 27.72 <0.0001 

Interaction F(6,503) = 12.70 <0.0001 Interaction F(6,503) = 2.345 <0.0001 

  
Flow Cytometry Cell Count (x103 cells/μL)C 

Neutrophils 

 

Lymphocytes 

  
Strain Sex n Mean SD 95% CI CV (%) n Mean SD 95% CI CV (%) 

C57BL/6J 
Female 115 0.1833 0.0884 0.167 – 0.200 48.2 72 2.721 1.02 2.510 – 2.966 37.5 

Male 30 0.7543 0.6044 0.529 – 0.980 80.1 30 2.374 1.17 1.937 – 2.811 49.3 

ACBC data is from the Jaxpheno4 dataset of the Jax Phenome Database. 
BComparison between C57BL/6J mouse CBC data and other strain CBC data, performed by two-way ANOVA (with sex and strain as 

main effects) with Dunnet’s test for multiple comparisons of strains to C57BL/6J mouse data for each sex. 
CFlow cytometry data is from this study (Table 3). 
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Table 6. CBC prevalence of neutrophils and lymphocytes in whole blood of female and male mice of classical laboratory 

inbred strains.  

  
CBC Prevalence (%WBCs)A 

 Neutrophils Lymphocytes 

Strain Sex n Mean SD 95% CI CV (%) 
vs C57BL/6J 

Mean SD 95% CI CV (%) 
vs C57BL/6J 

P valueB P valueB 

C57BL/6 
Female 77 7.8 3.4 7.02 – 8.56 43.5 na 87.7 4.1 86.8 – 88.7 4.6 na  

Male 64 25.7 21.2 20.5 – 31.0 82.3 na 69.6 21.8 64.2 – 75.1 31.3 na 

BALB/cJ 
Female 22 14.8 3.2 13.4 – 16.3 21.8 0.0220 80.6 3.7 79.0 – 82.2 4.7 0.0310 

Male 21 23.1 8.4 19.3 – 26.9 36.6 0.8411 71.9 9.8 67.4 – 76.4 13.7 0.9322 

C3H/HeJ 
Female 23 23.7 4.0 21.9 – 25.4 16.9 <0.0001 70.7 4.3 68.8 – 72.5 6.2 <0.0001 

Male 22 24.5 4.0 22.7 – 26.3 16.5 0.9952 69.4 4.6 67.4 – 71.5 6.6 >0.9999 

CBA/J 
Female 43 18.9 8.2 16.4 – 21.4 43.2 0.0223 76.5 8.3 74.0 – 79.1 10.9 <0.0001 

Male 46 19.0 5.1 17.5 – 20.5 26.8 <0.0001 75.8 5.8 74.0 – 77.5 7.6 0.0631 

DBA/2J 
Female 34 18.6 5.3 16.7 – 20.4 28.8 <0.0001 76.0 5.6 74.0 – 77.9 7.4 <0.0001 

Male 31 19.9 3.4 18.7 – 21.2 17.0 0.3740 74.0 4.2 75.5 – 72.4 5.7 0.0185 

FVB/NJ 
Female 21 10.7 4.2 8.74 – 12.6 39.8 0.7803 84.1 5.6 81.6 – 86.7 6.7 0.6185 

Male 25 24.8 18.2 17.3 – 32.3 73.2 0.9981 70.1 19.4 62.1 – 78.2 27.7 0.9997 

NODShiLtJ 
Female 41 27.0 8.5 24.3 – 29.7 31.6 <0.0001 65.8 8.4 63.1 – 68.4 12.8 <0.0001 

Male 47 29.8 7.5 27.6 – 32.0 25.1 0.1824 63.1 8.0 60.8 – 65.5 12.7 0.0077 

  
Source of 
Variation 

Sex F(1,503) = 45.60 <0.0001 Sex F(1,503) = 45.12 <0.0001 

Strain F(6,503) = 14.51 <0.0001 Strain F(6,503) = 19.38 <0.0001 

Interaction F(6,503) = 11.88 <0.0001 Interaction F(6,503) = 10.32 <0.0001 

  
Flow Cytometry Prevalence (%CD45+ leukocytes)C 

Neutrophils 

 

Lymphocytes 

  
Strain Sex n Mean SD 95% CI CV (%) n Mean SD 95% CI CV (%) 

C57BL/6J 
Female 120 5.73 2.11 5.35 – 6.11 36.8 77 83.7 3.54 92.9 – 84.5 4.23 

Male 67 19 13 15.9 – 22.2 68.2 62 68.1 14.2 64.5 – 71.7 20.8 

ACBC data is from the Jaxpheno4 dataset of the Jax Phenome Database (as a proportion of total white blood cell count). 
BStatistical comparison between C57BL/6J mouse CBC data and other strain CBC data, performed by two-way ANOVA (with sex 

and strain as main effects) with Dunnet’s test for multiple comparisons of strains to C57BL/6J mouse data for each sex. 
CFlow cytometry data is from this study (Tables 1 and 2). 
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Table 7. Sample size calculations for immune cell populations in whole blood of female and 

male C57BL/6J mice. 
Cell 

Population 
Sex TestA 

Change in Leukocyte Population 

5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 60% 70% 80% 90% 

Neutrophils 

Female 

t 853 214 96 55 36 25 19 15 12 10 8 6 5 4 

U 893 224 101 57 37 26 20 16 13 11 8 6 5 5 

d  0.14 0.27 0.41 0.54 0.68 0.81 0.95 1.09 1.22 1.36 1.63 1.90 2.17 2.44 

Male 

t 2920 731 326 184 118 83 61 47 38 31 22 16 13 11 

U 3057 765 341 193 124 86 64 49 39 32 23 17 14 11 

d  0.07 0.15 0.22 0.29 0.37 0.44 0.51 0.59 0.66 0.73 0.88 1.03 1.17 1.32 

Monocytes 

Female 

t 544 137 62 35 23 17 13 10 8 7 5 4 4 4 

U 569 143 65 37 24 17 13 10 9 7 6 5 4 4 

d  0.17 0.34 0.51 0.68 0.85 1.02 1.19 1.36 1.53 1.70 2.04 2.38 2.72 3.06 

Male 

t 613 154 69 40 26 19 14 11 9 8 6 5 4 4 

U 642 162 73 42 27 19 15 12 10 8 6 5 4 4 

d  0.16 0.32 0.48 0.64 0.80 0.96 1.12 1.28 1.44 1.60 1.92 2.24 2.56 2.88 

B cells 

Female 

t 46 13 7 4 4 3 3 3 3 2 2 2 2 2 

U 48 13 7 5 4 3 3 3 3 3 2 2 2 2 

d  0.60 1.19 1.79 2.38 2.98 3.58 4.17 4.77 5.36 5.96 7.15 8.35 9.54 10.7 

Male 

t 406 103 46 27 18 13 10 8 7 6 5 4 3 3 

U 425 107 49 28 19 13 10 8 7 6 5 4 4 3 

d  0.20 0.39 0.59 0.79 0.98 1.18 1.38 1.58 1.77 1.97 2.36 2.76 3.15 3.54 

CD4+  
T cells 

Female 

t 258 66 30 18 12 9 7 5 5 4 4 3 3 3 

U 270 69 31 18 12 9 7 6 5 4 4 3 3 3 

d  0.25 0.49 0.74 0.99 1.24 1.48 1.73 1.98 2.23 2.47 2.97 3.46 3.96 4.45 

Male 

t 263 67 31 18 12 9 7 6 5 4 4 3 3 3 

U 275 70 32 19 13 9 7 6 5 5 4 3 3 3 

d  0.24 0.49 0.73 0.98 1.22 1.47 1.71 1.96 2.20 2.45 2.94 3.43 3.92 4.41 

CD8+  
T cells 

Female 

t 382 97 44 25 17 12 9 8 6 5 4 4 3 3 

U 400 101 46 26 17 13 10 8 7 6 5 4 3 3 

d  0.20 0.41 0.61 0.81 1.02 1.22 1.42 1.63 1.83 2.03 2.44 2.84 3.25 3.66 

Male 

t 222 57 26 15 10 8 6 5 4 4 3 3 3 3 

U 232 59 27 16 11 8 6 5 5 4 4 3 3 3 

d  0.27 0.53 0.80 1.07 1.33 1.60 1.87 2.13 2.40 2.67 3.20 3.74 4.27 4.80 

NK cells 

Female 

t 827 208 93 53 35 24 18 14 12 10 7 6 5 4 

U 1433 359 161 91 59 41 31 24 19 16 12 9 7 6 

d  0.14 0.28 0.41 0.55 0.69 0.83 0.97 1.10 1.24 1.38 1.65 1.93 2.21 2.48 

Male 

t 483 122 55 32 21 15 11 9 8 6 5 4 4 3 

U 506 128 58 33 22 16 12 10 8 7 5 4 4 3 

d  0.18 0.36 0.54 0.72 0.90 1.08 1.26 1.44 1.62 1.81 2.17 2.53 2.89 3.25 

ASample sizes are shown for two-tailed Student’s t tests (t) and two-tailed Mann-Whitney tests 

(U) with Cohen’s effect size (d). Calculations were performed with data of leukocyte prevalence 

mean and standard deviation from Tables 1 and 2, assuming equal group sizes and consistent 

standard deviation for each group, and were based on a percentage ‘change in leukocyte 

population’ from our reference population mean, assuming α = 0.05 and 80% power. Sample size 

calculations did not account for intra-cage clustering effects (Table 9). Shaded cells indicate 

when sample size for each group is approximately 10 or fewer mice.  
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Table 8. Comparison of sample size calculations for neutrophils and lymphocytes in whole blood of female and male C57BL/6J 

mice based on CBC and flow cytometry data. 

Leukocyte 
Population 

Sex Analysis Mean SD TestA 
Change in Leukocyte Population 

5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 60% 70% 80% 90% 

Neutrophils 

Female 

CBC 7.80 3.39 
t 1191 299 134 76 49 35 26 20 16 13 10 8 6 5 

U 1427 313 140 79 51 36 27 21 17 14 10 8 7 6 

Flow 5.73 2.11 
t 853 214 96 55 36 25 19 15 12 10 8 6 5 4 

U 893 224 101 57 37 26 20 16 13 11 8 6 5 5 

Male 

CBC 25.7 21.2 
t 4249 1063 473 267 171 119 88 68 54 44 31 23 18 15 

U 4449 1113 496 279 179 125 92 71 56 46 32 24 19 15 

Flow 19.0 13.0 
t 2920 731 326 184 118 83 61 47 38 31 22 16 13 11 

U 3057 765 341 193 124 86 64 49 39 32 23 17 14 11 

Lymphocytes 

Female 

CBC 87.7 4.05 
t 15 5 3 3 3 2 2 2 2 2 2 2 2 2 

U 16 5 3 3 3 2 2 2 2 2 2 2 2 2 

Flow 83.7 3.54 
t 13 5 3 3 2 2 2 2 2 2 2 2 2 2 

U 21 7 4 3 3 3 3 2 2 2 2 2 2 2 

Male 

CBC 69.6 21.8 
t 616 155 70 40 26 19 14 11 9 8 6 5 4 4 

U 645 162 73 42 27 19 15 12 10 8 6 5 4 4 

Flow 68.1 14.2 
t 273 69 32 18 12 9 7 6 5 4 4 3 3 3 

U 286 73 33 19 13 10 7 6 5 5 4 3 3 3 

ASample sizes are shown for two-tailed Student’s t tests (t) and two-tailed Mann-Whitney tests (U). Sample size calculations were 

performed with a priori CBC data from the Jaxpheno4 dataset of the Jax Phenome database (for ‘CBC’) summarized in Table 6, and 

flow cytometry leukocyte prevalence data from Tables 1 and 2 (for ‘Flow’). Calculations were done assuming the same standard 

deviation from the mean of each group and a percentage ‘change in leukocyte population’ from the reference population mean, 

assuming α = 0.05 and 80% power. Sample size calculations did not account for intra-cage clustering effects (Table 9). Shaded cells 

indicate when sample size for each group is approximately 10 or fewer mice. 
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Table 9. Immune cell population cage variance effects 

Cell Population 
Intraclass Correlation 

Coefficient (ICC)A 
Design Effect (DE)B 

Neutrophils 0.336 1.946 

Monocytes 0.186 1.524 

B cells 0.341 2.013 

CD4+ T cells 0.274 1.814 

CD8+ T cells 0.261 1.776 

NK cells 0.326 1.969 
AThe intraclass correlation coefficient compares variance between clusters (cages) to variance 

within clusters (ICC range is 0 to 1, where 1 indicates all data in the cluster is identical).  
BThe design effect estimates the extent to which sample size should be altered due to clustering 

of data. The design effect can be used to approximate the effective sample size (n) using n = 

n0(DE), where n0 = sample size assuming there is no clustering effect (i.e. mice are independent 

from each other, as calculated in Tables 6 and 7) and DE is the design effect.
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Figure 1. Flow cytometry data gating strategies for 

peripheral whole blood immunophenotyping.  

(A) Identification of monocyte and neutrophil 

populations with a 4-fluorophore stain: Count beads 

were removed from the cell population. A width gate 

(FSC-W by FSC-A) was created to remove immune cell 

aggregates. CD45+ cells (leukocytes) were gated. Axes 

of CD11b+/- and AF700+/- (conjugated to antibodies 

specific for CD3, CD19, NK1.1 or Ly6G) were selected 

to separate CD11b+Ly6G- (M), CD11b+Ly6G+ (N), and 

CD11bmid/-CD3+CD19+NK1.1+ (lymphocytes: T cells, B 

cells, NK cells) cell populations. Neutrophils were 

confirmed as CD45+CD11b+Ly6G+Ly6C+SSChigh cells, 

and the CD45+CD11b+Ly6G-Ly6C+SSClow monocytes 

were divided into subsets by their expression of Ly6C: 

Ly6C+ (Ly6Chigh and Ly6Clow), and Ly6C-.  
 

(B) Identification of NK cells, B cells, and T cell 

populations with a 7-fluorophore stain: Count beads 

were removed from the cell population. A width gate 

(FSC-W by FSC-A) was used to remove cell aggregates. 

CD45+ cells (leukocytes) were gated. The population 

was separated into NK1.1+ cells and NK1.1- cells. NK 

cells were identified as NK1.1+CD11bmidSSClow. The 

NK1.1-CD11b- population was gated on CD19 and CD3. 

B cells were identified as CD45+NK1.1-CD11b-

CD19+SSClow cells. T cells were identified as 

CD45+NK1.1-CD11b-CD3+SSClow cells, and divided 

into CD4+ and CD8+ subsets.  
 

Count beads were included in both stains for absolute 

quantitation of cell populations. FSC, front-scatter. SSC, 

side-scatter. 
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Figure 2. Peripheral blood leukocytes are not altered by female reproductive cycle stage in 

C57BL/6J mice.  

(A) Representative images of vaginal smears stained with hematoxylin (to provide contrast) for 

each of the reproductive cycle stages in young female C57BL/6J mice. Proestrus is characterized 

by a predominance of nucleated epithelial cells, estrus by a predominance of anucleated cornified 

cells, metestrus by equal proportions of anucleated cornified epithelial cells, nucleated epithelial 

cells, and leukocytes, and diestrus is characterized by a predominance of leukocytes. Scale bar 

indicates 100 μm. (B to U) Flow cytometry data of peripheral blood leukocyte populations in 

young female C57BL/6J mice was stratified by female reproductive cycle stage. Reproductive 

cycle stage did not alter leukocyte prevalence (as a proportion of total CD45+ leukocytes): total 

monocytes (B), Ly6Chigh monocytes (C), Ly6Clow monocytes (D), the ratio of Ly6Chigh to 

Ly6Clow monocytes (E), neutrophils (F), total T cells (G), CD4+ T cells (H), CD8+ T cells (I), 

the ratio of CD4+ to CD8+ T cells (J), B cells (K), NK cells (L) or the ratio of lymphoid to 

myeloid cells (M). Total leukocyte counts were likewise not significantly different in each 

reproductive cycle stage (N). Mouse weight (O) and age (P) were similar across all stages. PCA 

of immunophenotype data showed a differential influence of immune cell populations on data 

characteristics, but no significant differences associated with female reproductive cycle stage 

(Q). (R) Median to centroid distances for each reproductive cycle stage were not statistically 

significant, indicating that there were no differences in leukocyte population variability between 

each reproductive cycle stage. (S) PCA of absolute counts of immunophenotype data likewise 

showed no significant shifts associated with female reproductive cycle stage. Data was also 

considered in terms of a simpler definition of the presence or absence of leukocytes in vaginal 

smears. There were no significant differences in population composition or variability by cell 

prevalence (as a proportion of total CD45+ leukocytes) (T) or absolute cell counts (U). For B-F, 

N and P, n = 101 (Ps=23, Es=39, Ms=19, Ds=20). For G-K, n = 62 (Ps=14, Es=24, Ms=11, 

Ds=13). For L-M and Q-R, n = 58 (Ps=13, Es=23, Ms=10, Ds=12). For O and S, n = 84 (Ps=20, 

Es=31, Ms=15, Ds=18). For T-U, n = 84 (no leukocytes (proestrus and estrus) n = 51, leukocytes 

(metestrus and diestrus) n = 33). Data are shown as a dot for each mouse. Data in B-P and R are 

presented as box and whiskers plots, minimum to maximum, where the centre line represents the 

median. Data in Q and S-U were plotted on PC1 and PC2. Statistical significance was assessed 

by one-way ANOVA for E, K-L, and N-O, or Kruskal-Wallis test of variance for B-D and F-J, 

M, and P, or using the R functions adonis (Q, S-U) and permdisp (R, S-U). Reproductive cycle 

stages: proestrus (Ps), estrus (Es), metestrus (Ms), diestrus (Ds). 
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Figure 3. Biological sex has a significant effect on peripheral blood immune cell population 

composition and variability in C57BL/6J mice.  

Flow cytometry analysis of peripheral blood revealed that female mice compared to male mice 

had lower quantities (as a proportion of total CD45+ leukocytes) of monocytes (A), neutrophils 

(B) and NK cells (C), whereas B cells (D), CD4+ T cells (E), and CD8+ T cells (F) were more 

prevalent in female mice. PCA of immunophenotype data by sex confirmed a significant shift in 

leukocyte composition associated with biological sex, whether data are expressed as a proportion 

of total CD45+ leukocytes (G) or absolute cell counts (H). Data were significantly more variable 

in male mice for proportional data (percent) and cell count data (count) (I). For A-B, n = 67 for 

male mice and n = 120 for female mice. For C and G-I, male mice n = 62 and female mice n = 

77. For D-F, n = 62 for male mice and n = 81 for female mice. Data are shown as a dot for each 

mouse. Data in A-F and I are presented as box and whiskers plots, minimum to maximum, 

where the centre line represents the median. Data in G and H were plotted on PC1 and PC2. 

Statistical significance was assessed by two-tailed Mann-Whitney U test (A-D, F) or Student’s t 

test (E) according to normality, or using the R functions adonis (G-H) and permdisp (I).  
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Figure 4. Peripheral blood neutrophil and lymphocyte populations assessed by CBC or 

flow cytometry in young female and male C57BL/6J mice.  

CBC data from the Jax Phenome Database (see Methods) was compiled to examine data values 

and variability in male and female mice 8-16 weeks of age from multiple inbred mouse strains. 

CBC data from C57BL/6J male (n = 77) and female (n = 64) mice 8-16 weeks of age was 

compared to the flow cytometry data from this study (female n = 76-120, male n = 30-67). Total 

cell counts of neutrophils by CBC (A) and flow cytometry (B), and lymphocytes by CBC (C) 

and flow cytometry (D). Prevalence of neutrophils by CBC (E) and flow cytometry (F), and 

lymphocytes by CBC (G) and flow cytometry (H). For A, C, E and G, n = 64 for male mice and 

n = 77 for female mice. For B, n = 30 for male mice and n = 115 for female mice. For D, n = 30 

for male mice and n = 76 for female mice. For F, n = 67 for male mice and n = 120 for female 

mice. For H, n = 62 for male mice and n = 81 for female mice. Data are presented as box and 

whiskers plots, minimum to maximum, where the centre line represents the median. Data are 

shown as a dot for each mouse. Statistical significance was assessed by two-tailed Mann-

Whitney U test. 
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Figure 5. Peripheral blood neutrophil and lymphocyte populations in young female and 

male classical inbred mouse strains.  

CBC data from the Jax Phenome Database (see Methods) was compiled to examine data values 

and variability in male and female mice 8-16 weeks of age from multiple inbred mouse strains. 

Neutrophil prevalence (A) and total counts (B), as well as lymphocyte prevalence (C) and total 

counts (D) were assessed. Strains with greater variability (assessed by coefficient of variation 

(CV)) in male mice are shaded in blue (left), strains with a CV within 1% for males and females 

are shaded in purple (middle), and strains with a greater CV in female mice are shaded in pink 

(right). See Tables 5 and 6 for sample size information. Data are shown as a dot for each mouse. 

Data are shown as box and whiskers plots, minimum to maximum, where the centre line 

represents the median.
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Chapter 4. TNF, but not hyperinsulinemia or 

hyperglycemia, is a key driver of obesity-induced 

monocytosis revealing that inflammatory monocytes 

correlate with insulin in obese male mice 
 

 

This chapter contains a published manuscript from Physiological Reports*. 

 
 

In obesity, macrophages that accumulate within adipose tissue produce pro-

inflammatory cytokines including TNF, which contribute to metabolic dysregulation. The 

underlying relationships between peripheral monocytosis and obesity, inflammation, and 

regulation of glucose and insulin metabolism, have remained unclear. The purpose of this 

manuscript was to investigate the effects of obesity on peripheral monocyte prevalence, 

phenotype, and functions in a mouse model of obesity, and to assess if obesity itself, or 

the accompanying changes in glucose, insulin, and inflammatory status, contribute to 

monocyte prevalence. We used male mice to assess monocyte populations in diet-induced 

obesity without and with manipulation of insulin resistance (by antibiotic depletion of the 

intestinal microbiota), hyperglycemia (Akita mice) and hyperinsulinemia (sub-cutaneous 

insulin pellets) in the absence of obesity, and in context of reduced inflammation and 

insulin resistance (TNF-/- mice). We confirmed that diet-induced obesity alters bone 

marrow and peripheral myeloid cell populations, found that obesity increases circulating 

immature inflammatory Ly6Chigh monocytes, and showed that inflammation mediated by 

TNF, not glucose or insulin, correlated with Ly6Chigh monocytes and insulin resistance, in 

male mice. 

 

*Originally published in Physiological Reports: Breznik, J.A., Naidoo, A., Foley, K. P., 

Schulz, C., Lau, T.C., Loukov, D. Sloboda, D.M., Bowdish, D.M.E., & Schertzer, J.D. 

TNF, but not hyperinsulinemia or hyperglycemia, is a key driver of obesity-induced 

monocytosis revealing that inflammatory monocytes correlate with insulin in obese male 

mice. Physiol Rep. 2018 Dec;6(23):e13937. doi: 10.14814/phy2.13937. Copyright © 

2018 by The Authors. Physiological Reports published by Wiley Periodicals, Inc. on 

behalf of The Physiological Society and the American Physiological Society.
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Abstract

Inflammation contributes to obesity-related hyperinsulinemia and insulin

resistance, which often precede type 2 diabetes. Inflammation is one way that

obesity can promote insulin resistance. It is not clear if the extent of obesity,

hyperinsulinemia, or hyperglycemia, underpins changes in cellular immunity

during diet-induced obesity. In particular, the requirement for obesity or

directionality in the relationship between insulin resistance and monocyte

characteristics is poorly defined. Inflammatory cytokines such as tumor necro-

sis factor (TNF) can contribute to insulin resistance. It is unclear if TNF alters

monocytosis or specific markers of cellular immunity in the context of obe-

sity. We measured bone marrow and blood monocyte characteristics in WT

and TNF�/� mice that were fed obesogenic, high fat (HF) diets. We also used

hyperglycemic Akita mice and mice implanted with insulin pellets in order to

determine if glucose or insulin were sufficient to alter monocyte characteris-

tics. We found that diet-induced obesity in male mice increased the total

number of monocytes in blood, but not in bone marrow. Immature, inflam-

matory (Ly6Chigh) monocytes decreased within the bone marrow and

increased within peripheral blood of HF-fed mice. We found that neither

hyperinsulinemia nor hyperglycemia was sufficient to induce the observed

changes in circulating monocytes in the absence of diet-induced obesity. In

obese HF-fed mice, antibiotic treatment lowered insulin and insulin resistance,

but did not alter circulating monocyte characteristics. Fewer Ly6Chigh mono-

cytes were present within the blood of HF-fed TNF�/� mice in comparison to

HF-fed wild-type (WT) mice. The prevalence of immature Ly6Chigh mono-

cytes in the blood correlated with serum insulin and insulin resistance irre-

spective of the magnitude of adipocyte or adipose tissue hypertrophy in obese

mice. These data suggest that diet-induced obesity instigates a TNF-dependent

increase in circulating inflammatory monocytes, which predicts increased

blood insulin and insulin resistance independently from markers of adiposity

or adipose tissue expansion.
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Introduction

Obesity is associated with chronic, low-grade systemic

inflammation that also impacts endocrine control of

metabolism (McPhee and Schertzer 2015). This metabolic

inflammation (or metaflammation) can impair insulin

action in tissues that participate in blood glucose control.

The consequent insulin resistance is often matched by

hyperinsulinemia, which independently promotes obesity

and insulin resistance that generally precedes hyper-

glycemia and type 2 diabetes (T2D) (Mehran et al. 2012).

In combination with other environmental and genetic fac-

tors, prolonged hyperinsulinemia, insulin resistance and

metaflammation during obesity, coupled with insufficient

insulin secretion, can lead to elevated blood glucose and

the development of T2D (Ashcroft and Rorsman 2012).

Obesity alters endocrine and immunological communi-

cation between cells and tissues. For example, increased

inflammatory mediators in adipose tissue contribute to

reduced insulin sensitivity within adipocytes and other

tissues that help control blood glucose. Endocrine and

paracrine actions of cytokines, chemokines and adipoki-

nes produced by expanding adipose tissue and tissue-loca-

lized immune cells during obesity contribute to local and

systemic inflammation and the development of insulin

resistance (Weisberg et al. 2006; Lumeng et al. 2007a,b).

The molecular mechanisms that connect insulin resistance

and inflammatory cytokines/chemokines are widely stud-

ied. Comparatively little is known about how cellular

immunity relates to compartmentalized, tissue-specific

inflammatory cues and insulin resistance during obesity.

Accumulation of pro-inflammatory polarized macro-

phages within metabolic tissues is a key component of

metabolic inflammation, as ablation or inhibition of

macrophage inflammatory signaling can attenuate obe-

sity-induced insulin resistance in adipose and liver tissue

(Arkan et al. 2005; Cai et al. 2005; Han et al. 2013;

Revelo et al. 2016; Desai et al. 2017). Adipose tissue

macrophages in particular are derived from local prolifer-

ation, resident hematopoietic stem cells, and infiltration

of peripheral blood monocytes (macrophage precursors)

(Weisberg et al. 2003; Xu et al. 2003; Oh et al. 2012;

Amano et al. 2014; Luche et al. 2017). Murine monocytes

can be divided into subsets by their surface expression of

the glycoprotein Ly6C: Ly6C� (also referred to as

Ly6Clow) and Ly6C+ (Ly6Cint and Ly6Chigh) (Geissmann

et al. 2003; Gordon and Taylor 2005). Ly6Chigh mono-

cytes mature into Ly6C� patrolling monocytes in the

steady state but migrate to sites of acute inflammation

during infection via CCL2/CCR2-dependent chemotaxis,

extravasate into tissues, and differentiate into macro-

phages (Geissmann et al. 2003; Gordon and Taylor 2005;

Serbina and Pamer 2006; Tsou et al. 2007). The pro-

inflammatory cytokine TNF contributes to monocyte

migration during infection by promoting CCR2 expres-

sion (Boekhoudt et al. 2003). CCR2�/� mice are pro-

tected against obesity-induced macrophage accumulation,

inflammation, hyperinsulinemia, and insulin resistance

(Chen et al. 2005; Weisberg et al. 2006; Ito et al. 2008).

TNF is produced by tissue-localized macrophages in obese

mice, and its neutralization improves insulin sensitivity

(Hotamisligil et al. 1995; Uysal et al. 1997). Thus, we

hypothesized that during diet-induced obesity there is a

TNF-dependent egress of Ly6Chigh monocytes from bone

marrow into circulation, these monocytes contribute to

tissue-associated macrophage accumulation, and they are

associated with metainflammation and insulin resistance.

We initially assessed the effects of diet-induced obesity

on monocyte prevalence in bone marrow and blood and

their expression of inflammatory and maturity markers

(Ly6C, F4/80) in wild-type (WT) male mice. We found

that monocyte reprogramming during obesity begins in the
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bone marrow and is marked by increased circulating

Ly6C�, Ly6Cint, and Ly6Chigh monocytes in HF-fed mice.

Using TNF�/� male mice as a model of reduced systemic

inflammation, we demonstrated that despite diet-induced

obesity in TNF�/� mice there was a reduction in circulat-

ing Ly6Chigh inflammatory monocytes and macrophage

accumulation in adipose tissue in comparison to WT mice.

More importantly, this discovery allowed for an assessment

of insulin resistance characteristics in obese mice that had

different levels of circulating Ly6Chigh monocytes. We

determined that during diet-induced obesity the TNF-

dependent prevalence of blood monocytes, and inflamma-

tory Ly6Chigh monocytes in particular, were better predic-

tors of indices of insulin resistance than body weight or

parameters of adiposity, such as adipocyte size. We found

no evidence that this relationship is bidirectional since

manipulation of insulin levels, insulin resistance, or blood

glucose did not alter monocyte characteristics.

Importantly, obesity-induced increases in circulating

Ly6Chigh monocytes directly correlated with blood insulin

levels irrespective of adipose tissue/cell expansion in obese

mice.

Materials and Methods

Animals

WT C57BL/6J male mice and TNF�/� male mice on a

C57BL/6J background were originally purchased from The

Jackson Laboratory (WT no. 00064; TNF�/� no. 003008;

Bar Harbor, ME) and bred at the McMaster Central Animal

Facility (Hamilton, ON, Canada), as described (Zganiacz

et al. 2004; Puchta et al. 2016). Heterozygous C57BL/6-

Ins2Akita/J (Akita+/�) male mice were purchased from The

Jackson Laboratory (no. 003548). All animals were housed

under specific pathogen-free conditions with a 12-hour

light/dark cycle. Diets were manipulated at 8 weeks of age.

WT and TNF�/� male mice (not littermates) were allocated

to either ad libitum standard chow diet (18% kcal from fat;

Envigo Teklad Diets 7913, Madison, WI) or an obesogenic,

low fiber, high fat (HF) diet (60% kcal from fat; Research

Diets Inc. D12492, New Brunswick, NJ) for 18–24 weeks.

Akita+/� male mice and WT male mice were used for

hyperglycemia experiments at 8 weeks of age. WT male

mice used for hyperinsulinemia experiments were main-

tained on an ad libitum standard chow diet. To induce

hyperinsulinemia, subcutaneous implantation of insulin

pellets, or sham surgery was performed on WT male mice

at 10–12 weeks of age as recommended by the manufac-

turer (~0.1U/day release; LinBit for Mice Pr-1-B, LinShin

Canada Inc., Toronto, ON, Canada). WT male mice used

for antibiotic microbiota depletion experiments were main-

tained on HF diet for 20 weeks prior to antibiotic

treatment, which consisted of 1 g/L ampicillin (Sigma

A6140) and 0.5 g/L neomycin (Sigma N1878) in drinking

water. Antibiotics were changed every 2 days over 4 weeks.

All experiments were performed in accordance with Institu-

tional Animal Utilization Protocols approved by McMaster

University’s Animal Research Ethics Board following the

recommendations of the Canadian Council for Animal

Care. Data from each individual mouse are indicated by a

single symbol in all figures.

Metabolic assessments

Mice were fasted for 6 h with ad libitum water. Blood

glucose and insulin were measured to calculate HOMA-

IR as we have done previously (Cavallari et al. 2017).

Fasting blood glucose was measured via tail vein using

the Accu-Chek Inform II system glucometer and test

strips (Roche Diagnostics, Mississauga, ON, Canada).

Blood (50 lL) was collected via tail vein, incubated at

room temperature for 20 min, and spun at 7500g for

5 min at 4°C. Insulin was quantified in serum by ELISA

according to the manufacturer’s instructions (Fig. 3 - AIS

Toronto Biosciences 32270, Toronto, ON, Canada; Figs. 4

and 6 - EMD Millipore EZRMI-13K, Billerica, MA).

Flow cytometry

Bone marrow flushed from a femur and disrupted with

an 18-gauge needle, or peripheral blood collected retro-

orbitally (100 lL), was analyzed by flow cytometry to

identify monocyte populations, as previously published

(Puchta et al. 2016). Monoclonal antibodies with the fol-

lowing conjugated fluorophores were used in this study

with isotype controls: CD3 (Alexa Fluor 700), CD11b

(PE-Cy7), CD19 (Alexa Fluor 700), CD45 (eFluor 450),

F4/80 (APC), IL-6 (PerCP-eFluor 710), Ly6G (Alexa Fluor

700), and NK1.1 (Alexa Fluor 700), all from eBioscience

(San Diego, CA), as well as CCR2 (PE; R&D Systems,

Minneapolis, MA) and Ly6C (FITC; BioLegend, San

Diego, CA). Intracellular staining was performed on

blood in unstimulated conditions and following stimula-

tion with lipopolysaccharide (200 ng/mL) in complete

RPMI supplemented with 10% fetal calf serum and 2x

Protein Transport Inhibitor (eBioscience 00-4980-03).

Samples were initially surface stained with antibodies and

then intracellular staining was performed after 30 min

permeabilization at room temperature with 1x Intracellu-

lar Staining Permeabilization Wash Buffer (BioLegend

421002) as previously described (Puchta et al. 2016). Flow

cytometry was performed on a BD Biosciences LSRFor-

tessa and analyzed using the FlowJo v9 software (Tree

Star). Total cell counts were determined with CountBright

Absolute Counting Beads (Life Technologies C36950).
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Immunohistochemistry

Adipose tissue macrophages were analyzed as published

(Denou et al. 2015). Epididymal fat pads were fixed in 10%

formalin at room temperature and embedded in paraffin. 5-

lm sections cut at 50-lm intervals were mounted on posi-

tively charged glass slides, deparaffinized in xylene, treated

with proteinase K, and stained with an anti-F4/80 (1:500)

monoclonal antibody (Bio-Rad Antibodies MCA-497) on

the Leica Bond RX automated staining system. Adipocyte

size and total number of F4/80-expressing cells (macro-

phages) were assessed using ImageJ (Schneider et al. 2012).

Statistical analyses

Monocyte population prevalence and phenotype differences

(for individual monocyte populations) were evaluated with

the Mann-Whitney U test or Student’s t test according to

normality by the D’Agostino and Pearson omnibus test. Dif-

ferences in HF-fed TNF�/� and WT adipose tissue macro-

phages, adipocyte cross-sectional area, and fasting blood

glucose were evaluated with the Mann-Whitney U test or

Student’s t test according to normality. Body mass and

metabolic parameter comparisons by genotype and diet were

performed by two-way ANOVA with Tukey’s post hoc test.

Correlation analyses between adipose tissue characteristics,

monocytes, and metabolic parameters, were performed

using Spearman’s rank correlation rho or Pearson correla-

tion according to normality. Data were analyzed with

GraphPad Prism version 6 (GraphPad Software, La Jolla,

CA). A P < 0.05 was considered statistically significant.

Results

Diet-induced obesity alters monocyte
populations in bone marrow and blood

Leukocytosis, an increase in white blood cells, occurs in

obese and/or diabetic humans (Kullo et al. 2002; Ohshita

et al. 2004; Tong et al. 2004). More recently, an elevation

in circulating monocytes (monocytosis) has been associ-

ated with poorly controlled T2D, cardiovascular disease,

and increased adiposity (Poitou et al. 2011; Barrett et al.

2017). Similar to Nagareddy and colleagues (Nagareddy

et al. 2014), we found that WT male mice fed a HF diet

for 18 weeks had a significant increase in circulating

leukocytes in peripheral whole blood (Fig. 1A). HF-fed

mice had an elevated ratio of circulating monocytes to

lymphocytes in comparison to chow-fed control mice

(Fig. 1B), due to a disproportionate increase in the preva-

lence of circulating monocytes (Fig. 1C) and a small

decrease in the prevalence of circulating neutrophils

(Fig. 1D). To further investigate the effect of diet-induced

obesity on monocyte characteristics, we assessed their

prevalence and expression of surface markers of inflam-

mation (Ly6C) and maturity (F4/80). When we assessed

the circulating monocyte subsets according to their

expression of Ly6C it was apparent that male mice on a

HF diet had elevated circulating populations of Ly6C�,
Ly6Cint, and Ly6Chigh monocytes (Fig. 1E). All monocyte

subsets were increased more than twofold (as a propor-

tion of total leukocytes) in the circulation of HF-fed

mice. Absolute cell counts were also elevated in HF-fed

mice (data not shown). Ly6Chigh monocytes were signifi-

cantly less mature (decreased F4/80 expression) in HF-fed

mice (Fig. 1F) and Ly6Chigh had higher surface expression

of CCR2 in comparison to the other monocyte subsets

(data not shown) (Chen et al. 2005; Tsou et al. 2007).

Intracellular staining also indicated that circulating

Ly6Chigh monocytes from HF-fed mice produced higher

levels of the pro-inflammatory cytokine IL-6 in response

to LPS stimulation (Fig. 1G). Thus, diet-induced obesity

in male mice is accompanied by an increase in circulat-

ing, immature inflammatory Ly6Chigh monocytes. It was

previously demonstrated that HF-fed mice have increased

proliferation of the hematopoietic common myeloid pro-

genitors within bone marrow (Nagareddy et al. 2014). We

Figure 1. Diet-induced obesity increases circulating monocyte populations. Peripheral whole blood was analyzed in chow-fed (n = 7) and HF-

fed (n = 7) WT male mice after 18 weeks diet allocation. (A) absolute count of circulating leukocytes (CD45+ cells). (B) proportion of

monocytes to lymphocytes. (C) circulating monocytes. (D) circulating neutrophils. (E) proportions of Ly6C�, Ly6Cint, and Ly6Chigh subsets of

monocytes in chow-fed and HF-fed mice. (F) expression of maturity marker F4/80 in circulating monocyte subsets from chow-fed and HF-fed

mice. (G) IL-6 levels within Ly6Chigh monocytes in response to LPS stimulation in chow-fed (n = 5) and HF-fed (n = 5) mice. (H) absolute count

of bone marrow leukocytes. (I) bone marrow monocytes. (J) bone marrow neutrophils. (K) proportions of Ly6C�, Ly6Cint, and Ly6Chigh subsets

of monocytes. (L) expression of maturity marker F4/80 in bone marrow monocyte subsets. Each data point indicates a single mouse. Statistical

significance was determined by Mann-Whitney tests. Data are presented as box and whiskers plots, minimum to maximum, where the center

line represents the median. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. MFI – Geometric Mean Fluorescence Intensity. (M) flow cytometry gating

strategy for the identification of leukocytes, neutrophils, and monocytes (bone marrow-resident and circulating). Representative images from a

blood sample are shown. A width gate was created to exclude cell aggregates. CD45+ cells (leukocytes) were first gated. Subsequently,

CD11b+/� and AF700+/� population gating allowed separation of CD11b+Ly6G� (monocytes), CD11b+Ly6G+ (neutrophils), and CD11bmid/

�CD3+CD19+NK1.1+ (lymphocytes: T cells, B cells, NK cells) cell populations. The CD45+CD11b+Ly6G+Ly6C+SSChigh cells were identified as

neutrophils and the CD45+CD11b+Ly6G�Ly6C+SSClow monocyte cells were divided into subsets by their expression of Ly6C: Ly6C�, Ly6Cint,

and Ly6Chigh. (N) Representative flow plots of monocyte populations in chow-fed and HF-fed wild-type male mice.
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determined that leukocyte numbers and monocyte preva-

lence, as well as the prevalence of neutrophils, were

unchanged within bone marrow of HF-fed mice

(Fig. 1H–J). However, Ly6C� and Ly6Cint monocytes

were elevated whereas Ly6Chigh monocytes were decreased

in the bone marrow of HF-fed mice (Fig. 1K). In addi-

tion, bone marrow-resident Ly6Chigh monocytes in HF-

fed mice had lower expression of the F4/80 maturity mar-

ker (Fig. 1L). These data are consistent with the concept

that diet-induced obesity promotes egress of immature,

inflammatory Ly6Chigh monocytes from the bone marrow

into circulation. The flow cytometry gating strategy is

illustrated in Figure 1M, and representative plots of

monocyte populations in chow-fed and HF-fed mice are

shown in Figure 1N. We subsequently assessed whether

specific metabolic factors (such as glucose, insulin, insulin

resistance or extent of obesity/adiposity) were associated

with elevated circulating Ly6Chigh monocytes.

Elevated blood glucose or insulin alone is
insufficient to alter Ly6Chigh monocytes

The HF diet model used leads to increased adiposity,

blood glucose, insulin, and insulin resistance (Cavallari

et al. 2017). We next tested if elevation of blood glucose

or insulin alone could increase circulating inflammatory

monocytes. Chow-fed Akita+/� mice (C57BL/6-Ins2Akita/J)

were used to model diabetes to test the effect of hyper-

glycemia on monocyte characteristics, in the absence of

obesity (Yoshioka et al. 1997; Gurley et al. 2006). Ran-

dom fed blood glucose was significantly elevated in

chow-fed Akita+/� mice in comparison to chow-fed WT

mice (Fig. 2A). No differences were identified in the per-

centage of circulating total monocytes or monocyte sub-

sets (Fig. 2B and C). Ly6Chigh monocyte surface

expression of F4/80 was unchanged in hyperglycemic

Akita+/� mice (Fig. 2D). CCR2 expression was also

unchanged in hyperglycemic Akita+/� mice (Fig. 2E).

However, hyperglycemic Akita+/� mice had significantly

elevated neutrophils in circulation (Fig. 2F). We next

tested the effects of short-term hyperinsulinemia that was

sustained for 2 weeks after implanting slow release insulin

pellets in WT chow-fed mice. The increased insulin load

reduced random fed blood glucose (Fig. 2G), but mono-

cyte percentages were similar between sham and insulin

pellet implanted mice (Fig. 2H and I). Expression of

F4/80 and CCR2 on Ly6Chigh monocytes was also

unchanged in mice with insulin pellets (Fig. 2J and K).

To contrast, we observed that mice implanted with insu-

lin pellets had decreased circulating neutrophils (Fig. 2L).

These results suggest that overt hyperglycemia, and

(short-term) chronic hyperinsulinemia are not sufficient

to account for the increase in circulating immature,

inflammatory Ly6Chigh monocytes that we observed in

HF diet-fed mice.

Antibiotic-mediated lowering of glucose
and insulin during obesity are insufficient
to alter circulating Ly6Chigh monocytes

We also considered whether circulating Ly6Chigh mono-

cytes can be modulated by glucose and insulin in the con-

text of diet-induced obesity. We used our previously

established antibiotic treatment protocol in mice that

modestly reduces peripheral glucose and insulin within

4 weeks (Denou et al. 2015). Mice with established diet-

induced obesity after 20 weeks of HF diet feeding were

allocated to receive water as usual or drinking water sup-

plemented with antibiotics for 4 weeks. Antibiotic treat-

ment did not alter body weight (Fig. 3A) or adiposity

(Fig. 3B). Fasting blood glucose was lower after 4 weeks

of antibiotic treatment (Fig. 3C). Further, fasting blood

insulin decreased at 2 weeks and 4 weeks of antibiotic

treatment (Fig. 3D). Insulin resistance, measured by the

homeostatic model assessment of insulin resistance

(HOMA-IR), was lower at 2 weeks and 4 weeks of antibi-

otic treatment (Fig. 3E). Total circulating leukocyte num-

bers were unaffected by antibiotic treatment (data not

shown). The prevalence of circulating Ly6Chigh monocytes

was not altered by antibiotics at 2 and 4 weeks (Fig. 3F).

These results were consistent with our previous data

showing that manipulation of glucose and insulin is not

sufficient to alter the prevalence of circulating Ly6Chigh

monocytes.

TNF contributes to inflammatory Ly6Chigh

monocyte prevalence during diet-induced
obesity

We used TNF�/� mice to examine the role of TNF in

mediating obesity-associated changes to inflammatory

Ly6Chigh monocytes. Consistent with previous studies

(Uysal et al. 1997; Ventre et al. 1997; Koulmanda et al.

2012), we initially confirmed that TNF�/� mice are par-

tially protected from a HF diet-induced increase in body

mass, as well as insulin resistance assessed by HOMA-IR

(Fig. 4A and B). Lower insulin resistance was due to

lower fasting serum insulin rather than changes in blood

glucose in HF-fed TNF�/� mice (Fig. 4C and D). We

next showed that HF diet-fed TNF�/� mice had signifi-

cantly fewer adipose tissue-resident macrophages com-

pared to HF diet-fed WT mice (Fig. 4E). When we

examined peripheral monocyte populations, we found

there was a twofold reduction in the proportion of circu-

lating monocytes relative to lymphocytes in HF-fed

TNF�/� mice (Fig. 5A). This difference in the ratio of
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Figure 2. Ly6Chigh prevalence and phenotype are independent of glucose and insulin in absence of obesity. Peripheral blood monocytes were

assessed in chow fed, male WT (n = 7) and Akita+/� (n = 5) mice. (A) random fed blood glucose in WT and Akita+/� mice. (B and C) total

monocytes and Ly6C�, Ly6Cint, and Ly6Chigh monocyte subsets as a percentage of total leukocytes (CD45+ cells) in WT and Akita+/� mice. (D

and E) Ly6Chigh monocyte F4/80 and CCR2 surface expression in WT and Akita+/� mice. (F) total neutrophils as a percentage of total leukocytes

in WT and Akita+/� mice. Effects of hyperinsulinemia on circulating monocytes were assessed in peripheral blood of sham (n = 8) and insulin

pellet implanted (n = 7) chow-fed, WT male mice. (G) random fed blood glucose preimplantation and 2-weeks post-insulin pellet implantation.

(H and I) total monocytes and Ly6C-expressing monocyte subsets as a percentage of total leukocytes (CD45+ cells) in mice 2 weeks after sham

and post-insulin pellet implantation. (J and K) Ly6Chigh monocyte F4/80 and CCR2 surface expression. (L) total neutrophils as a proportion of

total leukocytes in mice 2 weeks after sham and post-insulin pellet implantation. Each data point indicates a single mouse. Two-tailed Mann-

Whitney U tests were used to assess statistical significance between diet groups. Data are presented as box and whiskers plots, minimum to

maximum, where the center line represents the median. **P ≤ 0.01, ***P ≤ 0.001. MFI: Geometric Mean Fluorescence Intensity.
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monocytes/lymphocytes in HF-fed WT mice versus HF-

fed TNF�/� mice is analogous to the ratio of monocytes/

lymphocytes in HF-fed WT mice compared to chow-fed

WT mice (Fig. 1B). Accordingly, total and Ly6Chigh

monocytes were lower in the circulation of HF-fed TNF�/�

mice compared to HF-fed WT mice (Fig. 5B and C),

though Ly6Chigh monocyte prevalence was similar in

HF-fed WT and TNF�/� mouse bone marrow (Fig. 5D).

No differences were observed in circulating Ly6Chigh

monocyte maturity (Fig. 5E) or CCR2 expression

between HF-fed WT and TNF�/� mice (Fig. 5F). These

data indicate that TNF contributes to obesity-associated

changes in circulating Ly6Chigh monocyte prevalence in

addition to hyperinsulinemia and macrophage accumula-

tion in metabolic tissues. Indeed, we observed a strong

positive correlation in these HF-fed mice between circu-

lating monocytes and body weight, as well as circulating

monocytes and macrophage accumulation in adipose

tissue (Fig. 5G and H).

Ly6Chigh monocytes correlate with insulin
during obesity

The relationship between adiposity and insulin sensitivity

is complicated by many factors, including the lipid stor-

age location (Wagenknecht et al. 2003; Muller et al.

2012). In mice, the mass of specific fat pads and adipo-

cyte cross-sectional area have previously been shown to

mark specific aspects of diet-induced adiposity (Weisberg

et al. 2003; Chusyd et al. 2016). We assessed if body

weight, gonadal adipose tissue mass, or adipocyte hyper-

trophy (i.e., cross-sectional area of adipocytes), correlated

with serum insulin levels in HF-fed WT and TNF�/�

mice (Fig. 6A–C). We combined HF-fed WT and TNF�/�
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Figure 3. Ly6Chigh prevalence in obesity is not altered by antibiotic-mediated lowering of glucose and insulin. WT male mice were allocated to

HF diet for 20 weeks and maintained on HF diet following allocation to usual drinking water (CON, n = 8) or antibiotics in drinking water (ATB,

n = 8) for 4 weeks. Assessments occurred before allocation to antibiotic treatment (week 0) and after 2 and 4 weeks of treatment. (A) body
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data and observed that there was a positive correlation

between total body weight and insulin. In contrast, nei-

ther epididymal adipose tissue mass nor adipocyte cross-

sectional area, as markers of adiposity, correlated with

fasting blood insulin. In fact, adipocyte cross-sectional

area was not different in the gonadal fat pads of HF-fed

WT and TNF�/� mice (Fig. 6D). Given the importance

of adipose tissue macrophages in driving obesity and

metabolic dysfunction (Olefsky and Glass 2010; Osborn

and Olefsky 2012), and our observations of the effects of

HF diet on the prevalence of circulating monocytes, we

next examined whether macrophage and monocyte char-

acteristics related to insulin. The number of adipose tissue

macrophages did not correlate with fasting blood insulin

(Fig. 6E). However, the prevalence of blood Ly6Chigh

monocytes positively correlated with fasting blood insulin

(Fig. 6F and Table 1). Given the direct correlation of

insulin and blood Ly6Chigh monocytes it was logical that

we also found an association between Ly6Chigh monocytes

and HOMA-IR (Table 1). Correlations were also identi-

fied between total, Ly6C� and Ly6Cint monocytes and

fasting blood insulin. We did not observe an association

between Ly6Chigh monocytes and fasting blood glucose

(Fig. 6G and Table 1). These data indicate that there is a

direct association between serum insulin and the preva-

lence of circulating immature inflammatory Ly6Chigh

monocytes rather than markers of adiposity such as fat

pad mass or adipocyte size in obese male mice.

Discussion

In this study we examined the effects of diet-induced obe-

sity on monocyte prevalence and phenotype. We found

that our model of long-term diet-induced obesity elevates

circulating leukocytes and results in an expansion of

peripheral monocytes. We identified that alterations to

Ly6Chigh monocyte phenotype during obesity are TNF-

dependent, begin in the bone marrow, and lead to a

higher prevalence of circulating immature and migration-

primed inflammatory Ly6Chigh monocytes that positively

correlate with serum insulin, linking peripheral immune

function with endocrine dysregulation.

Monocytosis, an increase in peripheral blood monocytes,

has been recognized for many years to coincide with

inflammation (Dutta and Nahrendorf 2014), and it has

been more recently recognized to contribute to chronic
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low-grade inflammation during obesity (Schmidt et al.

1999; Ford 2002; Kullo et al. 2002). We observed a decrease

in Ly6Chigh monocytes in the bone marrow and an increase

in this population in circulation in HF diet-fed obese

male mice that are well known to have mild hyperglycemia

and hyperinsulinemia. Circulating monocytosis, and a

particular elevation of Ly6Chigh monocytes, has also been

reported in Ob/Ob mice (Nagareddy et al. 2014). Ly6Chigh

mouse monocytes are comparable to human classical

(CD14+CD16�) and intermediate (CD14+CD16+) mono-

cytes (Gordon and Taylor 2005). Classical monocytes both

in circulation and adipose tissue increase with obesity
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as a proportion of total leukocytes (CD45+ cells). (D) bone marrow Ly6Chigh monocytes expressed as a proportion of leukocytes. (E and F)

circulating Ly6Chigh surface expression of F4/80 and CCR2. (G) correlation of monocyte prevalence and body weight. (H) correlation of

monocyte prevalence and adipose tissue macrophages (ATMs). Data in A to E are representative of two independent cohorts of HF-fed mice

(n = 7–9/genotype). Each dot is a mouse. Statistical significance determined by Mann-Whitney tests. Data in A to E are presented as box and

whiskers plots, minimum to maximum, where the center line represents the median. Correlations for G-H were determined by Pearson’s tests.

**P ≤ 0.01, ***P ≤ 0.001. MFI – Geometric Mean Fluorescence Intensity.
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Figure 6. Circulating inflammatory monocytes may predict insulin during obesity. Correlations in HF-fed TNF�/� and WT mice. (A) correlation

of body weight and fasting insulin. (B) correlation of fasting blood insulin and epididymal adipose tissue weight (WAT). (C) correlation of

fasting blood insulin and adipocyte cross-sectional area (CSA). (D) quantification of adipocyte CSA in HF-fed WT and TNF�/� mice. (E)

correlation of fasting blood insulin and adipose tissue macrophages (ATMs). (F) correlation of fasting blood insulin and the prevalence of

circulating Ly6Chigh monocytes in all HF-fed mice. (G) correlation of fasting blood glucose and the prevalence of circulating Ly6Chigh monocytes

in all HF-fed mice. Data in A and B are from two independent cohorts of HF-fed mice (n = 7–9/genotype). Data in C–E are from a subset of

HF-fed mice from those cohorts (n = 6/genotype). Data in F and G are from one cohort of HF-fed mice (n = 7/genotype). Each dot is a mouse.

Data in D are shown as a bar graph with mean � standard deviation. Correlations for A–C and E–G were determined by Spearman or

Pearson’s tests and Mann-Whitney U test was used to assess D.

Table 1. Correlations of monocyte populations with body weight and metabolic parameters in obese male mice.

Total monocytes Ly6C� Ly6Cint Ly6Chigh

Body weight r = 0.7790

P = 0.0004

r = 0.6942

P = 0.0029

r = 0.7423

P = 0.0010

r = 0.7526

P = 0.0008

Fasting blood glucose rs = �0.07517

P = 0.7729

rs = �0.02063

P = 0.9322

rs = �0.2137

P = 0.4173

rs = 0.0022

P = 0.9925

Fasting blood insulin r = 0.6861

P = 0.0067

r = 0.5680

P = 0.0341

r = 0.6418

P = 0.0134

r = 0.7247

P = 0.0034

HOMA-IR r = 0.6076

P = 0.0212

r = 0.5070

P = 0.0643

r = 0.4968

P = 0.0707

r = 0.7512

P = 0.0020

Text in bold denotes statistical significance at P < 0.05.
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(Wouters et al. 2017), and their activation has also been

reported in diabetics (Cipolletta et al. 2005). An increase in

intermediate monocytes in obese humans has been linked

to an increased risk of subclinical atherosclerosis and car-

diovascular events (Seidler et al. 2010; Poitou et al. 2011;

Rogacev et al. 2012; Ziegler-Heitbrock 2015), as well as

insulin resistance (Krinninger et al. 2014). Expansion of

the circulating intermediate monocyte population has also

been reported in T1D and T2D patients (Mysliwska et al.

2012; Terasawa et al. 2015; Ren et al. 2017).

In addition to assessing circulating monocyte preva-

lence, we assessed how obesity affected their progression

toward a mature tissue macrophage phenotype by exam-

ining their expression of F4/80, a surface marker related

to maturity. Our observations of decreased F4/80 expres-

sion on the surface of Ly6Chigh monocytes in bone mar-

row and blood of HF-fed mice suggest that these

monocytes are less mature. These immature monocytes

are known to migrate to tissues in the context of infec-

tion via the CCR2/CCL2 chemotactic axis and thus may

be primed for migration into metabolic tissues (Weisberg

et al. 2006; Tsou et al. 2007; Ito et al. 2008). There were

lower Ly6Chigh monocytes in the bone marrow and higher

Ly6Chigh monocytes in blood, indicating that diet-induced

obesity may alter egress of inflammatory monocytes from

the bone marrow into circulation.

We have previously demonstrated a role for TNF in

mediating dysfunction of monocyte development and func-

tion with aging, as well as increasing susceptibility to infec-

tion (Puchta et al. 2016). In addition to their association

with increased circulating inflammatory CD14+CD16+

intermediate monocytes, high levels of circulating TNF are

characteristic of obesity as well as chronic inflammatory

conditions. Anti-TNF therapies used to treat rheumatoid

arthritis can decrease risk of developing T2D (Klaasen et al.

2011; Solomon et al. 2011; Gremese et al. 2013). We

expanded on the pleiotropic role of this pro-inflammatory

cytokine by demonstrating its involvement in inflammatory

Ly6Chigh monocyte egress from the bone marrow into cir-

culation and accumulation of macrophages in metabolic

tissues during obesity. TNF may induce NLRP3 inflamma-

some priming and activation (Alvarez and Munoz-Fernan-

dez 2013; McGeough et al. 2017). Our data illustrating the

importance of TNF in obesity-associated monocytosis agree

with that of Nagareddy and colleagues, who found that

obesity-associated changes in adiposity and monocytosis

are dependent on the NLRP3 inflammasome, and in partic-

ular NLRP3-dependent production of IL-1b (Alvarez and

Munoz-Fernandez 2013; Nagareddy et al. 2014; McGeough

et al. 2017). The changes we observed to monocyte pheno-

type in TNF�/� mice were coincident with attenuation of

hyperinsulinemia and insulin resistance and a slight reduc-

tion in body mass. Lower insulin levels underpinned lower

insulin resistance (measured by HOMA-IR) in the HF-fed

TNF�/� mice. This was expected as TNF is known to pro-

mote insulin resistance during obesity (Uysal et al. 1997;

Ventre et al. 1997; Hivert et al. 2010; Koulmanda et al.

2012), but this mouse model also provided a unique model

to correlate insulin and inflammatory monocytes during

diet-induced obesity. Deletion of TNF reduced accumula-

tion of macrophages in adipose tissue despite similar levels

of adipocyte hypertrophy during HFD-fed feeding. There-

fore, our data show that TNF is a key regulator of diet-

induced changes to monocyte/macrophage-driven inflam-

mation in obesity, and that TNF can contribute to

metaflammation in a manner that is independent of adipo-

cyte hypotrophy and regulation of glucose. These data also

reinforced the concept that obesity-induced changes in

inflammatory monocytes correlated with insulin rather

than markers of adiposity such as adipocyte size.

Our data indicated that tissue-specific effects of the

Ly6Chigh monocytes and/or metabolic tissue changes pre-

dicted the development of some aspects of insulin resis-

tance, which led us to examine the association of

monocyte phenotype and insulin levels. Comparisons of

blood monocyte characteristics and circulating insulin

levels in HF-fed WT and TNF�/� mice during diet-

induced obesity demonstrated that circulating immature

inflammatory Ly6Chigh monocytes were more strongly

associated with serum insulin levels compared to indices

of adiposity, total body weight, and other monocyte pop-

ulations in male mice. Circulating Ly6Chigh monocytes

appear positioned to predict or propagate hyperinsuline-

mia or insulin resistance during diet-induced obesity. A

recent publication examining the role of CX3CR1 and

Gr1low monocytes (equivalent to our Ly6C� monocyte

population) in diet-induced obesity, by using female mice

deficient for CX3CR1 in blood or hematopoietic com-

partments, reported a negative association between Gr1low

monocytes and HOMA-IR (B�eliard et al. 2017). Our data

in male mice show an association between Ly6C� mono-

cytes and insulin levels rather than HOMA-IR. Our data

were determined through modulation of TNF-related

inflammation in obesity rather than directly modifying

monocytes, which may explain this discrepancy. In addi-

tion, there are likely sex-specific differences that alter

monocyte characteristics in obesity that warrant further

study.

Hyperglycemia and hyperinsulinemia have both previ-

ously been shown to alter monocyte epigenetic program-

ming and function in conditions of infection and stress

(Xiu et al. 2014), and it has recently been reported that

insulin signaling in obesity has a significant role in medi-

ating adaptive T cell inflammatory responses (Tsai et al.

2018). Consequently, the positive correlation that we

observed of an increasing prevalence of inflammatory
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Ly6Chigh monocytes with increasing insulin resistance in

male mice suggested insulin may mediate phenotypic

changes to Ly6Chigh monocytes in obesity. We found that

raising insulin was not sufficient to alter circulating

Ly6Chigh monocytes in the absence of obesity. In surpris-

ing contrast to a previous study (Nagareddy et al. 2013),

we found that hyperglycemic Akita+/� mice did not have

changes to circulating Ly6Chigh monocytes. Our Akita+/�

mice were assessed at 8 weeks of age whereas the previous

study performed measures on mice at 12-16 weeks of age

(Nagareddy et al. 2013). Longer exposure to elevated

peripheral glucose may explain this discrepancy. We did

confirm that circulating neutrophils were significantly

higher in hyperglycemic Akita+/� mice (Nagareddy et al.

2013), and further showed that ongoing low-dose insulin

exposure (i.e., from a slow-release implant) can reduce

the proportion of circulating neutrophils, likely due to

the accompanying reduction in blood glucose. We further

demonstrated that reduction of peripheral glucose and

insulin via antibiotic treatment in obese wild-type mice

does not alter Ly6Chigh monocyte populations in circula-

tion. We acknowledge in vivo manipulation of glucose

and insulin is interdependent. Nevertheless, our data sug-

gest that elevated blood glucose or insulin in the absence

of cellular mediators, hormones, hyperlipidemia, and

other factors that accompany obesity, are insufficient to

alter monocyte prevalence or measurements of maturity

(F4/80) or chemotactic potential (CCR2). We cannot

exclude the possibility that dyslipidemia or hyperleptine-

mia may also contribute to the changes in monocyte

maturity and phenotype that we observed with HF diet

(Desai et al. 2017; Rahman et al. 2017; Short et al. 2017).

A significant limitation of our data is that our WT and

TNF�/� experiments were not conducted in littermate

mice. Although metabolic data were consistent with previ-

ous data, our study design cannot rule out the possibility

that differences in genetic background, microbiota com-

position, or husbandry may have influenced the results

(Hotamisligil et al. 1995; Uysal et al. 1997; Ventre et al.

1997). The use of non-littermate mice is a weakness of

this study to provide a direct role of TNF, but the associ-

ation of inflammatory monocytes with insulin may span

a diverse genetic background and should be further inves-

tigated in humans. Our current data support a model

where obesity-related cellular mediators alter monocyte

characteristics, which contribute to cellular inflammation

and hormone regulation within metabolic tissues. Our

data suggest directionality in the relationship between

insulin and monocyte changes during obesity, where diet-

induced changes in Ly6Chigh monocytes predict insulin

and insulin resistance, but neither glucose, insulin, nor

insulin resistance appears to alter these inflammatory

monocytes during obesity.

Monocyte prevalence and phenotype have been pro-

posed as biomarkers in cardiovascular disease and chronic

inflammatory disorders (Yang et al. 2014; Chara et al.

2015; Meeuwsen et al. 2017; Loukov et al. 2018). Our

data links monocyte/macrophage phenotype to changes in

whole body insulin regulation due to diet-induced obesity

and suggests that monocyte characteristics in obese indi-

viduals could serve as predictive biomarkers of diabetes

risk and may represent a mechanism linking inflamma-

tion and insulin regulation. Modulation of low-grade

inflammation through selectively targeting monocyte pop-

ulations in obese individuals may therefore improve insu-

lin sensitivity. Examining the role of all monocyte subsets

in driving peripheral and tissue-specific metainflamma-

tion will improve our understanding of the development

of hyperinsulinemia, insulin resistance, and type 2 dia-

betes in obese individuals.
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Chapter 5. Peripheral immunophenotype and obesity-

associated chronic inflammation in female mice 
 

 

In this chapter, we aimed to assess effects of obesity-associated low-grade chronic 

inflammation on peripheral blood immune cell populations, focussing on monocytes. We 

used a model of high fat diet feeding in young female mice to examine longitudinal 

effects of diet-induced obesity on peripheral blood immunophenotype and monocyte 

phenotype and activation (section 5.1). We subsequently examined peripheral immune 

cells in pregnancy and lactation, and effects of maternal obesity and excess gestational 

weight gain (section 5.2). These studies also investigated if modulation of inflammation 

via TNF would ameliorate effects of diet-induced obesity on peripheral 

immunophenotype. 
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5.1 Peripheral immunophenotype and diet-induced obesity in 

non-pregnant female mice 
 

5.1.1 Introduction 

Obesity-associated inflammation has primarily been studied by quantifying 

cytokines, including TNF, in the periphery or within metabolic tissues such as adipose, 

wherein there is significant accumulation of pro-inflammatory macrophages50, 51, 58, 512. As 

described previously, the majority of adipose tissue macrophages are derived from 

precursor Ly6Chigh monocytes in the blood, via CCR2/CCL2-mediated chemotaxis51, 55, 57, 

though there is some local proliferation of established tissue macrophage populations52, 

512. Accordingly, studies in mice employing genetic global or hematopoietic ablation of 

CCR2 or CCL256, 57, 513, treatment with a CCR2 antagonist54, 514, or genetic ablation of 

MIF (macrophage migration inhibitory factor)515, 516, which reduce accumulation of 

monocyte-derived macrophages in adipose tissue, have been reported to reduce adiposity, 

tissue inflammation, and metabolic dysfunction. Monocytosis, an increase in circulating 

monocytes, occurs in obesity in humans517, 518, 519, 520, 521, 522. Male mice in models of diet-

induced obesity have an increased prevalence of circulating Ly6Chigh monocytes (similar 

to human classical monocytes) within 6 weeks523, and this is also apparent after 12 

weeks524, 18 weeks (Chapter 4), 20 weeks525, and 24 weeks (Chapter 4). We also found 

increases in Ly6Clow and Ly6C- monocytes (similar to human non-classical monocytes) in 

high fat (HF)-fed male mice and showed that Ly6Chigh monocytes had increased 

expression of IL-6 in response to LPS stimulation. Increased surface expression of 

chemotactic antigens and enhanced cytokine responses to bacterial LPS or viral ssRNA 
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stimulation have also been reported in classical and non-classical monocytes from obese 

humans compared to lean controls518.  

Multiple studies in male rodents have shown that genetic ablation of TNF526, 527, 

528, and antibody-mediated529, 530, 531, 532 or siRNA-mediated533 blockade of TNF, can 

improve glucose homeostasis and insulin resistance in male models of obesity, whereas 

administration of TNF has the opposite effect534, 535, 536. Genetic knockout of the TNF 

receptors TNFR1 and/or TNFR2 has also been found to mediate insulin sensitivity in 

models of diet-induced obesity537, 538, 539. Our data from Chapter 4 showed that in male 

mice peripheral blood Ly6Chigh monocytes correlate with insulin resistance, and that 

modulation of obesity-associated inflammation via TNF reduces circulating Ly6Chigh 

monocytes. There may be sex differences in the role of monocytes in diet-induced 

obesity, as there is sexual dimorphism in innate immune signalling pathways and their 

epigenetic regulation540, 541, 542. 

As described in Chapter 3, biological sex is an important factor to consider in any 

aspect of physiology. Despite epidemiological data showing that the global incidence of 

obesity is similar between both sexes, if not greater in females31, and evidence that 

biological sex has an impact on fat deposition, metabolism, and energy balance543, 544, 545, 

most preclinical studies in rodents that use a diet-induced obesity model have evaluated 

the adverse effects of high fat diet consumption in males546, 547. C57BL/6J male mice are 

commonly used for these studies, likely in part because C57BL/6J mice are considered to 

be highly susceptible to effects of high fat diet feeding, and males generally show more 

extreme phenotypes of adiposity, metabolic dysfunction, and inflammation than female 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

136 
 

mice546, 548, 549. Severity of obesity, inflammation, and metabolic dysfunction, also differs 

according to the length of diet allocation550, 551, 552, 553, 554.  

We performed longitudinal studies in female mice to assess changes to peripheral 

immune cell population dynamics in response to diet-induced obesity, and the effects of 

immunomodulation by TNF. Based on our previous findings in male mice (Chapter 4), 

we hypothesized that feeding female mice a high fat diet would result in peripheral 

monocytosis, particularly of Ly6Chigh monocytes, and that these monocytes would be 

more pro-inflammatory compared to monocytes from blood of chow-fed mice. We 

predicted that TNF-/- female mice fed a high fat diet would be partially protected from 

diet-induced obesity and changes to overall immunophenotype and Ly6Chigh monocytes. 

 

5.1.2 Results 

High fat diet induces obesity in female mice  

We placed young female wildtype C57BL/6J mice on either a standard chow diet 

or high fat diet (60% kcal from fat) for up to 30 weeks. On a weekly basis we monitored 

body weight (Figure 5.1.1A), and calculated energy consumption from food intake 

(Figure 5.1.1B). HF-fed mice began to consume less kilocalories than chow-fed mice 

after 12 weeks of diet (Figure 5.1.1B), despite continued increases in body weight and 

adiposity (Figure 5.1.1A,C). Within 6 weeks we observed that HF-fed mice had ~20% 

greater adiposity than chow-fed mice (Figure 5.1.1C; Chow: 15.0 ± 3.2%; HF: 35.9 ± 

8.6%). HF-fed mice compared to chow-fed mice had an increase in liver weight after 18 

weeks (Figure 5.1.1D), as well as increased weights of gonadal (Figure 5.1.1E) and 

mesenteric fat depots (Figure 5.1.1F), and adipocyte size (Figure 5.1.1G), within 6 weeks.  
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HF diet feeding led to increased accumulation of F4/80+ macrophages in adipose tissue 

(Figure 5.1.1H), compared to chow-fed mice. We attempted to measure TNF and IL-6 

cytokine levels longitudinally in serum as an indication of soluble inflammation. We were 

only able to detect TNF in 10/78 assessed samples (data not shown). Although we 

detected IL-6 in 75/78 samples (Figure 5.1.1I), there were no statistically significant 

differences between diet groups.  

While not a primary aspect of our study, we also assessed metabolic parameters to 

provide context for our data. We observed that by 6 weeks HF-fed mice compared to 

chow-fed mice had significantly increased fasting blood glucose levels, which persisted 

through to 30 weeks of HF diet feeding (Figure 5.1.1J). Between 14 and 18 weeks diet 

allocation, we examined glucose and insulin management by glucose tolerance tests 

(Figure 5.1.1K-L) and insulin tolerance tests (Figure 5.1.1M). Female mice with HF diet-

induced obesity had a slower rate of glucose clearance compared to chow-fed mice, 

despite having significantly greater insulin secretion, suggesting that HF-fed mice were 

glucose intolerant and hyperinsulinemic. Insulin tolerance was similar between diet 

Figure 5.1.1. Model phenotype - female mice fed standard chow or HF diet. 
Mice were placed on standard chow diet (Chow) or 60% high fat (HF) diet. Physiological, 

inflammation-associated and metabolic features were assessed between 6 and 30 weeks diet 

allocation. Body weight (A) and energy consumption from food (B) were assessed weekly. (C) 

adiposity assessed after 6, 12, 18, 24, and 30 weeks diet allocation by Echo-MRI. Weights of liver 

(D), gonadal fat (E), and mesenteric fat (F). (G) cross-sectional area of adipocytes in gonadal fat. 

(H) macrophages (F4/80+ cells) in gonadal adipose tissue after 24 weeks diet allocation. (I) IL-6 

assessed by ELISA from serum collected pre-diet through to 24 weeks diet allocation. Metabolic 

phenotype: (J) fasting blood glucose; + = 6 hour fast; ++ = 12 hour fast; p<0.001 at each assessed 

time point between diet groups. (K) glucose tolerance test. (L) glucose stimulated insulin secretion 

test. (M) insulin tolerance test. Data in A-B and K-M are shown as a dot at the mean with error 

bars at ± standard deviation. Data in C-I and area under the curve in K-M are shown with box 

height at the mean with error bars at ± standard deviation, with each data point indicating an 

individual mouse. Data in A-F and J were pooled from 1-4 independent experiments of n=3-8 mice 

per diet. Data in G and H are from a subset of mice from one independent cohort. Data in I and K-

M are from one independent cohort with Chow n=7 and HF n=8. Statistical significance was 

assessed by two-tailed Student’s t test between diet groups at each time point. *p<0.05, **p<0.01, 

***p<0.001, ***p<0.0001. 
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groups. In summary, feeding female mice a HF diet induced changes to body composition 

within 6 weeks that were characteristic of obesity, including increases in adiposity, 

adipocyte hypertrophy, and hyperglycemia, in comparison to chow-fed mice, and these 

changes continued through to 30 weeks of diet allocation. 

Peripheral leukocyte populations 

We assessed the prevalence of peripheral leukocytes in whole blood after 3, 6, 12, 

18, 24, and 30 weeks diet allocation (Figure 5.1.2). Although neutrophil prevalence (as a 

proportion of total leukocytes) was similar between diet groups (Figure 5.1.2A), the 

prevalence of total monocytes and the prevalence of Ly6Chigh monocytes were lower in 

HF-fed mice compared to chow-fed mice after 3 weeks diet allocation (Figure 5.1.2B-C 

and F). Monocyte prevalence was similar between HF-fed and chow-fed mice after 6 

weeks, and then increased in HF-fed mice from 12 weeks onward. The prevalence of 

Ly6Clow monocytes was similar between diet groups for the first 12 weeks of diet 

allocation (Figure 5.1.2D), but over time, the increase in Ly6Chigh monocytes meant that 

there was a proportional decrease in Ly6Clow monocytes (Figure 5.1.2F). The prevalence 

of Ly6C- monocytes also increased in HF-fed mice compared to chow-fed mice, from 6 

through 30 weeks diet allocation (Figure 5.1.2E). B cell (Figure 5.1.2G), NK cell (Figure 

5.1.2H), and T cell (Figure 5.1.2I-K) prevalence, as a proportion of total leukocytes, were 

different at discrete time points. There was a general trend toward a decrease in T cells in 

HF-fed mice compared to chow-fed mice, though the prevalence of CD4+ T cells (Figure 

5.1.2J,L) and CD8+ T cells were not consistently different (Figure 5.1.2K).  

While these data are informative about the dynamics of monocytes in relation to 

other immune cell populations, the proportional increase in monocyte populations that we 
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Figure 5.1.2. Peripheral blood immune cell prevalence in mice fed chow or HF diet. 
Flow cytometry analysis of peripheral blood leukocytes in wildtype mice on standard chow 

(Chow) or 60% high fat (HF) diet from 6 weeks (wk6) through 30 weeks (wk30) diet allocation. 

Prevalence (as a proportion of CD45+ leukocytes) of: (A) neutrophils, (B) total monocytes, (C) 

Ly6Chigh monocytes, (D) Ly6Clow monocytes, (E) Ly6C- monocytes. (F) Ly6Chigh monocytes as a 

proportion of Ly6C+ monocytes. Prevalence (as a proportion of CD45+ leukocytes) of: (G) B cells, 

(H) NK cells, (I) T cells, (J) CD4+ T cells, (K) CD8+ T cells. (L) CD4+
 
T cells as a proportion of 

total CD3+ T cells. Data are presented with a dot at the mean with error bars of ± standard 

deviation. Data are pooled from 1-3 independent experiments with a total of n=3-8 mice per diet. 

Statistical significance was assessed by two-tailed Student’s t test between diet groups at each time 

point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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observed in HF-fed mice could have been due to a decrease in cell numbers in another 

leukocyte population, so we next considered absolute cell counts (Figure 5.1.3). 

 

 

 

Figure 5.1.3. Peripheral blood absolute cell counts in mice fed chow or HF diet. 
Flow cytometry analysis of peripheral blood leukocytes in wildtype mice on standard chow (Chow) 

or 60% high fat (HF) diet from 6 weeks (wk6) through 30 weeks (wk30) diet allocation. Absolute 

cell counts of: (A) neutrophils, (B) total monocytes, (C) Ly6Chigh
 
monocytes, (D) Ly6Clow 

monocytes, (E) Ly6C- monocytes, (F) B cells, (G) NK cells, (H) T cells. (I) ratio of CD4+
 
to CD8+ 

T cells. (J) ratio of lymphoid to myeloid cells. (K) total leukocytes. Data are presented with a dot at 

the mean with error bars of ± standard deviation. Data are pooled from 1-4 independent 

experiments with a total of n=3-8 mice per diet group. Statistical significance was assessed by two-

tailed Student’s t test between diet groups at each time point. *p<0.05, **p<0.01, ***p<0.001. 
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There were no statistically significant differences in cell counts of neutrophils (Figure 

5.1.3A), B cells (Figure 5.1.3F), NK cells (Figure 5.1.3G), T cells (Figure 5.1.3H), or the 

ratio of CD4+ and CD8+ T cells (Figure 5.1.3I) between diet groups, and the ratio of 

lymphocytes (B cells, T cells, and NK cells) to myeloid cells (monocyte and neutrophils) 

(Figure 5.1.3J), and total leukocyte counts (Figure 5.1.3K), remained similar between diet 

groups. However, total monocytes and monocyte subset cell counts in HF-fed mice from 

12 weeks (total monocytes, Ly6Chigh and Ly6C- monocytes) or 18 weeks (Ly6Clow) diet 

allocation onward (Figure 5.1.3B-E) were higher compared to chow-fed mice, similar to 

the increasing trend in monocyte prevalence (Figure 5.1.2C-F). Therefore, HF diet 

feeding in female mice altered immunophenotype dynamics, with a significant 

longitudinal increase in peripheral blood monocyte cell counts, in particular of Ly6Chigh 

monocytes, in comparison to immunophenotype of female mice fed a standard chow diet. 

Blood monocyte phenotype, function, and inflammatory response 

We also assessed monocyte surface phenotype (Table 5.1.1; Appendix I). We 

measured expression of Ly6C, CCR2, F4/80, CX3CR1, and CD11b. We observed that 

Ly6Chigh monocytes generally had higher expression of Ly6C, and decreased expression 

of F4/80 and CX3CR1, in HF-fed mice compared to chow-fed mice, and expression of 

CD11b was higher on Ly6Chigh monocytes after 3 and 6 weeks diet allocation in HF-fed 

mice. We observed in HF-fed mice compared to chow-fed mice that Ly6Clow monocytes 

had increased expression of Ly6C after 3 and 6 weeks, though this decreased by 18 and 

24 weeks. Ly6Clow expression of CCR2, F4/80, and CX3CR1 was initially decreased after 

3 weeks, but this was not consistently observed thereafter. Ly6C- monocytes had similar 

surface expression as Ly6Clow monocytes, but had increased CX3CR1 expression after 18 
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and 24 weeks. Our observations indicate that expression of surface markers in the 

Ly6Chigh to Ly6C- transition was altered in HF-fed mice compared to chow-fed mice. 

Table 5.1.1. Peripheral blood monocyte surface phenotype in WT mice fed HF vs chow diet. 

 
(e.g. Ly6Chigh monocytes from HF-fed mice compared to chow-fed mice consistently have higher Ly6C expression) 

Geometric mean expression of each marker was combined from 2-4 independent experiments of n=3-8 mice per group 

by normalizing the data from each mouse to the mean of the chow diet mouse group in each independent experiment. 

This approach was taken to account for variation in cytometer settings between experiments. ns – not significant. 
 

Ly6Chigh monocytes migrate to obese adipose tissue by CCR2/CCL2-mediated 

chemotaxis56, 57. As we detected increased accumulation of F4/80+ macrophages within 

adipose tissue of the HF-fed female mice (Figure 5.1.1H), we expected that HF-fed 

mouse Ly6Chigh monocytes would exhibit increased expression of CCR2, but there was 

similar surface expression of CCR2 on Ly6Chigh monocytes from HF-fed and chow-fed 

mice. To ensure that Ly6Chigh monocytes from HF mice were responsive to CCL2, we 

injected chow and HF-fed mice i.p. with CCL2 or saline, and assessed changes in 

peripheral monocyte populations four hours later (Figure 5.1.4)336.  
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We observed that within 6 weeks diet allocation there was a significantly higher 

fold difference in circulating Ly6Chigh monocytes between CCL2 and saline-treated HF-

fed mice (2.58 ± 0.29), compared to the fold difference in CCL2 and saline-treated chow-

fed mice (1.83 ± 0.37) (Figure 5.1.4A). The fold differences of Ly6C- monocytes were 

similar between diet groups, as expected, given that they do not use CCR2/CCL2 for bone 

marrow egress or migration312, and the fold differences of Ly6Clow monocytes were also 

similar. When we examined bone marrow, we observed a trend toward a decrease in the 

prevalence of Ly6Chigh monocytes chow-fed and HF-fed mice treated with CCL2 

compared to saline (Figure 5.1.4B), suggesting that there is egress of Ly6Chigh monocytes 

from bone marrow into circulation. This experiment showed that the Ly6Chigh monocytes 

from HF-fed mice, despite similar surface expression of CCR2 as Ly6Chigh monocytes 

from chow-fed mice, are more responsive to CCL2 in the periphery. We next assessed 

intracellular production of TNF and IL-6 in Ly6Chigh monocytes (Figure 5.1.5).  

Figure 5.1.4. Response of peripheral monocyte populations to chemotactic ligand CCL2. 
Mice fed with standard chow diet or 60% high fat diet were injected i.p. with CCL2 or saline, and 

4 hours later blood (A) and/or femur bone marrow (B) were collected for assessment by flow 

cytometry. Data in A are shown as fold differences in immune cell numbers between mice injected 

with CCL2 and the mean of mice injected with saline for both of the diet groups. Data are shown 

with box height at the mean with error bars indicating ± standard deviation. Data are from one 

independent experiment, with CCL2 n=6 and saline n=4, for both diet groups in blood. Bone 

marrow was collected from n=3-4 mice per treatment for both diet groups. Statistical significance 

was assessed by two-tailed Student’s t test between diet groups at each time point. *p<0.05, 

**p<0.01. 
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We observed slightly higher levels of TNF production in unstimulated blood Ly6Chigh 

monocytes in HF-fed mice after 6, 12, 18, and 24 weeks diet allocation, though response 

to LPS stimulation was only significantly different between diet groups after 18 and 24 

weeks (Figure 5.1.5A-D). There were no significant differences in IL-6 production 

between diet groups (Figure 5.1.5E-H).  

Therefore, HF-fed female mice, in comparison to chow-fed mice, had a higher 

prevalence of circulating Ly6Chigh monocytes with an altered surface phenotype, which 

were more responsive to CCL2, and had higher LPS-stimulated production of the pro-

inflammatory cytokine TNF.  

 

Figure 5.1.5. Ly6Chigh monocyte production of TNF and IL-6 in mice fed chow or HF diet. 
Flow cytometry analysis of Ly6Chigh monocyte production of TNF and IL-6 in response to whole 

blood stimulation with LPS in mice fed with standard chow diet (Chow) or 60% high fat diet (HF). 

Production of TNF after: (A) 6 weeks, (B) 12 weeks, (C) 18 weeks, (D) 24 weeks in unstimulated 

(Unstim) and stimulated (Stim) whole blood. Production of IL-6 after stimulation: (E) 6 weeks, (F) 

12 weeks, (G) 18 weeks, (H) 24 weeks. Data are shown with box height at the mean with error bars 

at ± standard deviation. Each data point indicates an individual mouse. Data in A-D are 

representative of 1-4 independent experiments of n=4-8 mice per group, and data in E-H are each 

from one independent experiment of Chow n=7 and HF n=8. Statistical significance was assessed 

by two-tailed Student’s t test between diet groups at each time point. *p<0.05, **p<0.01. 
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Bone marrow monocyte and progenitor populations 

Acute and chronic inflammation elicit myelopoiesis276. We predicted that the 

increased numbers of circulating monocytes were due to enhanced production of 

monocytes and progenitor populations in bone marrow, and we assessed those 

populations by flow cytometry (Figure 5.1.6).  

 

Figure 5.1.6. Bone marrow monocytes and precursors in mice fed chow or HF diet. 
Flow cytometry analysis of femur bone marrow from mice fed with standard chow diet (Chow) or 

60% high fat diet (HF) for 6-30 weeks. Prevalence (as a proportion of total leukocytes) of: (A) 

Ly6C+ monocytes, (B) Ly6C- monocytes. Prevalence (as a proportion of total cells) of 

hematopoietic stem cell precursor (HSPC), common myeloid progenitor (CMP) and common 

monocyte progenitor (cMoP) cells after: (C) 6 weeks, (D) 18 weeks, or (E) 30 weeks diet 

allocation. Geometric mean expression of proliferation marker Ki67: (F) Ly6C+ monocytes, (G) 

Ly6C- monocytes, and HSPC, CMP, and cMoP cells after: (H) 6 weeks, (I) 18 weeks, and (J) 30 

weeks diet allocation. Data in A-B are shown as box plots, minimum to maximum, with the center 

line at the median, and data in C-J are shown with box height at the mean with error bars 

indicating ± standard deviation. Each data point indicates an individual mouse. Data in A-B are 

pooled from 1-3 independent experiments of n=3-8, and data in C-I are each from one independent 

experiment of n=4-8 per diet group. Statistical significance was assessed by two-tailed Student’s t 

test between diet groups at each time point. *p<0.05, **p<0.01.
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We did not observe any changes to Ly6C+ or Ly6C- monocyte prevalence in bone 

marrow after 6, 12, or 24 weeks of high fat diet feeding (Figure 5.1.6A-B). Hematopoietic 

stem and multipotential progenitor cells (HSPCs) give rise to a common myeloid 

progenitor (CMP), which becomes a common monocyte progenitor (cMoP) before 

differentiation into a monocyte270, 271, 272. HF-fed mice compared to chow-fed mice did 

not have an increase in HSPCs, CMPs, or cMoPs after 6 weeks of diet allocation, but 

HSPC and CMP populations were increased by 18 weeks, and cMoP populations were 

increased by 30 weeks (Figure 5.1.6C-E). We also measured expression of Ki67, which 

stains actively proliferating cells (Figure 5.1.6F-J). There was a transient decrease in Ki67 

expression (implying a reduction in proliferation) in cMoP, Ly6C+, and Ly6C- monocyte 

populations after 6 weeks in HF-fed mice compared to chow-fed mice, but this was not 

observed at later time points.  

We measured surface expression of Ly6C, CCR2, F4/80, CX3CR1, and CD11b on 

bone marrow monocytes (Table 5.1.2; Appendix I). Although there were some 

similarities between diet groups with monocytes in peripheral blood (Table 5.1.1), Ly6C 

expression was only found to be higher on Ly6C+ monocytes in the bone marrow of HF-

fed mice after 12 weeks, whereas its expression was increased on blood Ly6Chigh 

monocytes from 3 weeks diet allocation. Bone marrow Ly6C+ monocytes had lower 

expression of CX3CR1, as in peripheral blood, while Ly6C- monocytes had lower 

expression of CCR2. With an extended period of HF diet (i.e. by 24 weeks) there was a 

decrease in expression of CD11b on Ly6C+ and Ly6C- monocytes, and decreased 

expression of F4/80 on Ly6C+ monocytes of HF-fed mice compared to chow-fed mice.  
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Table 5.1.2. Bone marrow monocyte surface phenotype in WT mice fed HF vs chow diet. 

 
(e.g. HF-fed mice compared to chow-fed mice have higher expression of Ly6C on Ly6C+ monocytes 

after 12 weeks) Geometric mean surface expression was combined from 2-3 independent experiments 

of n=4-8 mice per group by normalizing the data from each mouse to the mean of the chow mouse 

group in each independent experiment. This approach was taken to account for variation in cytometer 

settings between experiments. NA – not available. ns – not significant. 
 

 

Effects of TNF on peripheral immunophenotype in diet-induced obesity in non-

pregnant female mice 

 

After performing baseline measurements at 8 weeks of age, TNF-/- and WT 

(TNF+/+) littermate mice were placed on a high fat diet (60% kcal from fat) for up to 30 

weeks. TNF-/- and WT mice had similar body weight throughout the experiment, as 

summarized every 6 weeks (Figure 5.1.7A). Both genotype groups gained over 10 grams 

by 12 weeks diet allocation (WT: 29.2 ± 4.8 g; KO: 28.8 ± 3.6 g), and over 20 grams by 

30 weeks diet allocation (WT: 46.9 ± 4.8 g; KO: 41.6 ± 6.8 g). The total increase in 

whole body adiposity was similar between genotypes (Figure 5.1.7B). Fasting blood 

glucose was also similar between diet groups after 12 weeks (WT: 9.5 ± 0.8 mM; KO: 9.6 

± 0.5 mM), or 28 weeks (WT: 9.6 ± 0.5 mM; KO: 9.2 ± 0.7 mM) (Figure 5.7.1C). 
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We assessed peripheral blood immune cells longitudinally by flow cytometry. 

There was a statistically significant difference in global immunophenotype composition 

(Figure 5.1.8), from baseline through to 30 weeks in both WT and TNF-/- mice 

(PERMANOVA, p = 0.001, R2 = 0.30499), driven by a small but significant increase in 

data variability with increasing time of HF diet feeding (PERMDISP, p = 0.037, F = 

1.9496). Between-genotype comparisons showed that immunophenotype composition 

was different at baseline (PERMANOVA, p = 0.035, R2 = 0.11536), with small but 

significant differences persisting between WT and TNF-/- mice after 12 weeks 

(PERMANOVA, p = 0.037, R2 = 0.1281) and 30 weeks (PERMANOVA, p = 0.048, R2 = 

0.2132). No differences were found in variability (assessed by PERMDISP) between 

genotypes at any assessed time point. 

 

Figure 5.1.7. Body weight, adiposity, and fasting blood glucose in WT and TNF-/-
 
mice on 

HF diet. 
Wildtype (WT) and TNF-/-

 
(KO) mice were placed on 60% high fat diet at 8 weeks of age. Body 

weight and adiposity were assessed prior to diet allocation and every 6 weeks thereafter. (A) body 

weight. (B) increase in adiposity from baseline. (C) Fasting blood after a 6 hour fast after 12 or 28 

weeks diet allocation. Data in A and B are presented with box height at the mean with error bars 

indicating ± standard deviation. Data in C are presented in box and whisker plots, minimum to 

maximum, where the center line indicates the median. Data are pooled from 1-2 independent 

experiments of n=4-8 mice per group. Statistical significance was assessed by Student’s two-tailed 

t test at each time point. 
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While the prevalence of neutrophils (Figure 5.1.9A), total monocytes (Figure 

5.1.9B), and Ly6Chigh, Ly6Clow, and Ly6C- subsets (Figure 5.1.9C-E) increased with 

longer time of high fat diet feeding in WT mice, this was also found in the TNF-/- mice, 

with no consistent statistical differences between genotypes. In addition, the prevalence 

of Ly6Chigh monocytes as a proportion of Ly6C+ monocytes was similar between 

genotypes (Figure 5.1.9F). We found that the prevalence of NK cells (Figure 5.1.9G) and 

T cells (Figure 5.1.9I) remained similar between genotypes, though B cell prevalence in 

TNF-/- mice was higher than in WT mice (Figure 5.1.9H).  

Numbers of neutrophils (Figure 5.1.10A), total monocytes (Figure 5.1.10B), and 

monocyte subsets (Figure 5.1.10C-E), were not consistently different between WT and 

TNF-/- mice. Likewise, NK cell counts were not consistently different (Figure 5.1.10F), 

nor were T cells (Figure 5.1.10H) or the ratio of CD4+ to CD8+ T cells (Figure 5.1.10I). 

The ratio of lymphocytes to myeloid cells was significantly different after 6 weeks HF 

diet allocation between genotypes, but not at other assessed time points (Figure 5.1.10J). 

Figure 5.1.8. Effects of HF diet 

feeding on immunophenotype of 

WT and TNF-/-
 
mice. 

PCA plot of immunophenotype data 

(absolute cell counts) of wildtype and 

TNF-/-
 
mice fed a 60% high fat diet 

plotted on PC1 and PC2. For clear 

visualization, only data from baseline, 

12 weeks, and 30 weeks diet allocation 

are shown.  
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Figure 5.1.9. Peripheral blood immune cell prevalence in WT and TNF-/-
 
mice on HF diet. 

Flow cytometry analysis of peripheral blood leukocytes in wildtype (WT) and TNF-/-
 
(KO) mice on 

60% high fat diet prior to diet allocation (wk0) and every 6 weeks through to 30 weeks diet 

allocation (wk30). Prevalence (as a proportion of CD45+ leukocytes) of: (A) neutrophils, (B) total 

monocytes, (C) Ly6Chigh
 
monocytes, (D) Ly6Clow monocytes, (E) Ly6C- monocytes. (F) Ly6Chigh 

monocytes as a proportion of Ly6C+ monocytes. Prevalence (as a proportion of CD45+ leukocytes) 

of: (G) NK cells, (H) B cells, (I) T cells. Data are presented with a dot at the mean with error bars of 

± standard deviation. Data are pooled from 1-3 independent experiments with a total of n=7-19 mice 

per genotype at each time point. Statistical significance was assessed by two-tailed Student’s t test 

between genotypes at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 5.1.10. Peripheral blood immune cell absolute cell counts in WT and TNF-/-
  
mice 

on HF diet. 
Flow cytometry analysis of peripheral blood leukocytes in wildtype (WT) and TNF-/-

 
(KO) mice on 

60% high fat diet prior to diet allocation (wk0) and every 6 weeks through to 30 weeks diet 

allocation (wk30). Absolute cell counts of: (A) neutrophils, (B) total monocytes, (C) Ly6Chigh
 

monocytes, (D) Ly6Clow monocytes, (E) Ly6C- monocytes, (F) NK cells, (G) B cells, (H) T cells. 

(I) ratio of CD4+ to CD8+ T cells. (J) ratio of lymphocytes to myeloid cells. (K) absolute cell count 

of leukocytes. Data are presented with a dot at the mean with error bars of ± standard deviation. 

Data are pooled from 1-3 independent experiments with a total of n=7-19 mice per genotype at 

each time point. Statistical significance was assessed by two-tailed Student’s t test between 

genotypes at each time point. *p<0.05, **p<0.01. 
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Compared to WT mice, total leukocytes were elevated in TNF-/- mice at baseline through 

to 30 weeks (Figure 5.1.10K), as were cell counts of B cells, at baseline through to 24 

weeks (Figure 5.1.10G). An elevated number of B cells has been previously reported in 

chow-fed TNF-/- mice compared to chow-fed littermate WT siblings555, 556, 557, 558.  

Therefore, while HF-fed TNF-/- mice appeared to have a lower prevalence of 

monocytes in comparison to HF-fed WT mice, this was not statistically significant at all 

time points, and this was due to an increase in B cell counts (and thus prevalence of B 

cells), rather than changes to the absolute numbers of monocytes. In summary, HF diet 

feeding altered peripheral blood immunophenotype in both WT and TNF-/- mice, but 

monocyte numbers remained similar between genotypes.  

We also examined phenotypic changes to blood monocytes in HF-fed WT and 

TNF-/- mice (Table 5.1.3; Appendix I). Once mice were placed on the high fat diet, there 

was some variability in monocyte surface marker expression over time, though Ly6Chigh 

monocyte surface phenotype became more similar between WT and TNF-/- mice with 

increasing diet exposure. Ly6Clow and Ly6C- monocytes in particular retained lower 

expression of CX3CR1 in HF-fed TNF-/- mice compared to HF-fed WT mice through to 

24 or 30 weeks of diet allocation. 
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Table 5.1.3. Blood monocyte surface phenotype in WT and TNF-/- mice fed HF diet. 

 
Data are shown comparing TNF-/- mouse monocyte surface expression to WT mouse monocyte surface 

expression (e.g. Ly6Chigh monocytes in TNF-/- mice have lower expression of CCR2 at baseline (week 0), in 

comparison to Ly6Chigh monocytes in WT mice). Geometric mean expression of each marker was combined 

from 1-3 independent experiments of n=4-8 mice per group by normalizing the data from each mouse to the 

mean of the chow mouse group in each independent experiment. This approach was taken to account for 

variation in cytometer settings between experiments. ns – not significant. 

 

5.1.3 Discussion 

To our knowledge, this is the first study to perform a longitudinal assessment of 

peripheral leukocytes by flow cytometry in the context of diet-induced obesity in WT or 

TNF-/- female mice. We found in WT mice that Ly6Chigh monocytes, Ly6C- monocytes, 

and Ly6Clow monocytes, are more prevalent with increasing time of HF diet feeding, both 

as a proportion of total CD45+ leukocytes, and as absolute cell numbers (Figures 5.1.2B-E 
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and 5.1.3B-E), compared to chow-fed mice. Our observations were consistent with 

previous data, including our own, from male mice fed a high fat diet for 12-24 weeks523, 

524, 525 (Chapter 4), and with a recent study in humans that reported increases in all 

monocyte subsets in obese individuals compared to individuals of a healthy BMI522.  

We observed that there are progressive and temporal changes to the proportional 

prevalence and numbers of peripheral Ly6Chigh monocytes in diet-induced obesity (Figure 

5.1.2C and Figure 5.1.3C), which emphasizes the importance of choosing an appropriate 

length of HF diet feeding for intervention studies. HF-fed WT mice had an acute 

reduction in circulating monocytes after 3 weeks of diet compared to chow-fed mice. This 

may have been due to increased retention of monocytes within the bone marrow, as there 

was a transient decrease in monocyte and cMoP proliferation in HF fed mice at 6 weeks, 

though their prevalence remained similar to chow-fed mice. We observed that Ly6Chigh 

monocytes from HF-fed female mice were more responsive to CCL2-elicited egress into 

circulation within 6 weeks in comparison to chow-fed mouse Ly6Chigh monocytes. 

Increased chemotactic activity of non-classical monocytes has also been reported in obese 

female humans518, 520. After 3 and 6 weeks of diet, the surface phenotype of Ly6Chigh 

monocytes in our HF-fed mice suggested that they were less mature (in terms of 

monocyte-to-macrophage progression as they had lower F4/80 and higher Ly6C), and that 

they were less likely to re-enter the bone marrow and transition into Ly6C- monocytes 

(lower CX3CR1, higher CD11b) compared to Ly6Chigh monocytes from chow-fed mice 

(Table 5.1.1; Appendix I). It was recently shown in male mice that within one week of 

diet feeding that HF-fed mice, compared to chow-fed mice, have a decrease in circulating 

monocytes, with increased ccl2 gene expression and accumulation of macrophages in 
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adipose tissue559. Our data may therefore indicate that an early effect of HF diet is that 

Ly6Chigh monocytes preferentially travel to adipose (or other metabolic tissues). 

We observed a recovery in blood monocyte numbers and proportional prevalence 

by 6 weeks, with a subsequent increase in circulating Ly6Chigh monocytes in HF fed mice, 

as well as Ly6Clow and Ly6C- subsets, which remained significantly higher in HF mice 

through to 30 weeks of diet allocation (Figures 5.1.2 and 5.1.3). At 12 weeks there was 

also a change in CD11b expression on Ly6Chigh monocytes from HF-fed mice compared 

to chow-fed mice, as they had higher expression of CD11b at 3 and 6 weeks, but lower 

expression at 18 weeks, and Ly6C- monocytes began to express higher levels of CX3CR1, 

at 18 weeks, which together may indicate changes in movement of monocytes in the 

periphery (Table 5.1.1; Appendix I). After 18 and 24 weeks diet allocation, circulating 

Ly6Chigh monocytes of HF-fed mice compared to chow-fed mice produced more 

intracellular TNF after LPS stimulation (Figure 5.1.5C-D). Therefore, diet-induced 

obesity increased circulating TNF-producing pro-inflammatory yet immature Ly6Chigh 

monocytes, which are primed for CCR2/CCL2-mediated migration to peripheral tissues.  

We did not observe changes in the prevalence of monocytes between diet groups 

after 6, 12, or 24 weeks in the bone marrow (Figure 5.1.6A-B). These results were not 

completely unexpected, since we did not observe changes to total monocytes in bone 

marrow in male mice after 24 weeks of HF diet (Chapter 4). After 6 weeks of diet 

allocation, we observed no changes to bone marrow progenitors of HF-fed mice 

compared to chow-fed mice (Figure 5.1.6C), despite increased HSPCs, CMPs, and cMoPs 

by 18 weeks (Figure 5.1.6D) and at 30 weeks (Figure 5.1.6E). It has previously been 

reported (in male mice) that 3 weeks of HF diet did not impact HSPCs or CMPs559, but 
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those populations expanded after 20 weeks525, 560. The stability in bone marrow monocyte 

levels in the present study may indicate that monocytes from HF-fed mice compared to 

chow-fed mice rapidly egress and are less likely to return to the bone marrow, consistent 

with our observations of changes to blood Ly6Chigh monocyte surface phenotype within 3 

weeks of diet allocation (i.e. higher expression of Ly6C and lower expression of CX3CR1 

and F4/80), and with our observation that at early time points of diet allocation Ly6C- 

monocytes have lower expression of CX3CR1 in the bone marrow in HF-fed mice.  

While we expected to see an increase in pro-inflammatory cytokines in the 

circulation of HF-fed mice compared to chow-fed mice, IL-6 levels remained similar 

between diet groups from 6 weeks through to 24 weeks of diet allocation. This was in 

accord with data from another study in female mice561. Overt obesity-associated soluble 

inflammation in female mice is generally more subtle than that observed in male mice 

after a similar length of diet allocation561, 562, 563, 564. Although we were not able to 

consistently detect TNF in serum, our data showed that Ly6Chigh monocytes from HF-fed 

mice have the capacity to produce more TNF in response to LPS stimulation.  

We observed that genetic ablation of TNF does not protect against diet-induced 

adiposity, hyperglycemia, or changes to peripheral Ly6Chigh monocytes and overall 

immunophenotype even after 30 weeks of HF diet feeding. Before diet allocation, 

Ly6Chigh monocytes from TNF-/- mice had a phenotype that appeared less mature (lower 

F4/80 and CCR2), with reduced capacity for retention in bone marrow or interaction with 

CX3CL1 within blood vessels (lower CX3CR1), and adhesion and transmigration in blood 

vessels (lower CD11b), compared to Ly6Chigh monocytes from WT mice (Table 5.1.3; 

Appendix I). Interestingly, Ly6Clow and Ly6C- monocytes from TNF-/- mice retained their 
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lower expression of CX3CR1 after HF diet allocation. TNF treatment can induce CX3CR1 

expression on macrophage-like THP-1 cells, and expression of its receptor CX3CL1 on 

endothelial cells565, 566, 567, so without tonic stimulation of TNF, expression of tissue 

CX3CL1 and monocyte CX3CR1 may be lower. With increasing time of HF diet feeding, 

monocyte surface phenotype in WT and TNF-/- mice became more similar, indicating that 

TNF-/- mice are not protected from HF diet-induced changes to monocyte phenotype. 

It has been suggested that the absence of TNF helps maintain insulin sensitivity in 

the first few weeks of HF diet feeding in male mice, and may attenuate later development 

of adiposity and inflammation, protecting against insulin resistance528, consistent with our 

observations in Chapter 4. While fasting blood glucose and adiposity were similar, we did 

not further characterize metabolic parameters between the HF-fed TNF-/- and WT female 

mice. However, comparisons of HF-fed and chow-fed mice from our WT cohort indicate 

that female HF-fed WT mice were not insulin resistant by ITT after 16 weeks, though 

they were glucose intolerant and produced higher insulin by GTT compared to chow-fed 

female mice (Figure 5.1.1K-M). These data were consistent with studies using similar 

models in female mice after 12-15 weeks of HF diet561, 563, 564, though male mice are 

glucose and insulin intolerant within 9-12 weeks of HF diet394, 547, 563, 568, 569. Therefore, 

WT female mice remained insulin sensitive for longer than male mice, suggesting sex 

differences in effects of TNF, and/or that female mice are more “resistant” to the 

metabolic consequences of diet-induced obesity. Overall, our longitudinal study of diet-

induced obesity in WT and TNF-/- mice emphasizes the importance of considering 

appropriate time points for experimental analysis, and that data from male mouse models 

is not always applicable to female mouse models or vice versa.  
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5.2 Peripheral immunophenotype, diet-induced obesity, and excess 

gestational weight gain, in female mice during pregnancy and lactation 

 
5.2.1 Introduction 

Healthy pregnancy requires an increase in innate immune mechanisms to provide 

protection against infection, with selective suppression of adaptive immune responses 

toward fetal/paternal antigens570, 571. Studies of maternal peripheral blood in humans 

generally report increases in circulating granulocytes (including neutrophils, basophils, 

eosinophils, and mast cells) during pregnancy142, 149, 155, 572, and these cells exhibit an 

activated phenotype with enhanced phagocytic function, respiratory burst activity, and 

cytokine production120, 142, 152, 573, 574, 575, 576, 577. Complement factors and acute phase 

proteins are also elevated in circulation578, 579, 580, 581. To contrast, NK cells and B cells 

tend to decrease during gestation582, though B cell antibody production increases in the 

third trimester571, 583. Studies of cellular and cell-free transcriptomes in maternal 

circulation have reported a gradual decrease of gene expression related to B cell function 

across gestation, as well as fluctuations in T cell-associated gene expression, with a 

decrease in the first and second trimesters, and an increase in the third trimester139, 140, 584, 

585. The cytokines produced by T cells change during pregnancy, with increased Th2/Treg 

responses in the second trimester586, 587, 588, 589. There is also evidence of corresponding 

changes in immune cells within the thymus and the spleen590, 591, 592.  

Specific alterations to peripheral immunophenotype and enhanced inflammatory 

responses during normal pregnancy have been associated with pregnancy complications 

including preeclampsia130, 142, 147, 573, 574, 575, 593, 594 and preterm labor152, 573, 584. 

Consequently, there has been considerable effort to identify blood biomarkers of 
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physiological and pathological complications of pregnancy, as this could be a fairly non-

invasive approach for early detection of problems that could threaten maternal and fetal 

health. 

In healthy weight individuals, pregnancy leads to alterations in endocrine and 

immune functions that promote insulin resistance, increased adiposity, alterations to 

microbiota composition, and progressive low-grade systemic inflammation118, 119, 120, 121, 

122, 123, 180. Pre-gravid obesity and/or excess weight gain during pregnancy have been 

reported to interfere with these adaptations28, 29, 175, 176, 177, 178, 179, 180, which may have 

long-term implications for maternal and fetal health. Women with excess gestational 

weight gain have a 3-fold increase in risk of obesity at 8 years postpartum595, and are at 

elevated risk of developing type 2 diabetes and other comorbidities like glucose 

intolerance, dyslipidemia, and cardiovascular disease, later in life164, 165, 166, 167, 168. As the 

postpartum period of one pregnancy often becomes the preconception period of the next 

pregnancy, a higher BMI pre- and post-pregnancy increases maternal risk of gestational 

weight gain across successive pregnancies596, 597, 598, 599.  

It is generally accepted that pregravid obesity results in increased systemic 

inflammation during pregnancy, with an imbalance toward production of Th1 cytokines, 

such as TNF29. As previously described, TNF has pleiotropic roles in modulation of 

systemic inflammation and metabolism25. The balance between IL-10 (a Th2 cytokine) 

and TNF is important in implantation, placental development, embryogenesis, and 

parturition588, 600. Even in uncomplicated pregnancies TNF has been reported to increase 

in maternal circulation across gestation150, 601. However, maternal TNF levels in mid-to-

late pregnancy correlate with insulin resistance601, and above-normal levels are associated 
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with preeclampsia602, 603, 604, and premature labour604. We have previously reported that 

TNF is increased in serum at E18.5 in mice with diet-induced obesity179, and it has also 

been reported that PBMC production of pro-inflammatory cytokines including TNF was 

significantly increased in obese pregnant women, in comparison to healthy weight 

pregnant women, in the third trimester186.  

Research to date on maternal obesity and excess weight gain during pregnancy has 

primarily focussed on modifications to maternal metabolism or placental structure and 

function during pregnancy, or offspring health. Markers of soluble inflammation, 

especially pro-inflammatory cytokines, have been extensively used to consider effects of 

obesity-associated inflammation, but results from those studies are often conflicting184. 

Even though there are critical cellular immunological adaptations during pregnancy, there 

has been little consideration of circulating immune cells. We aimed to examine effects of 

diet-induced obesity and excess gestational weight gain on peripheral blood immune cells 

in pregnancy and lactation, and to assess if immunomodulation by genetic ablation of 

TNF would prevent changes to maternal immunophenotype. We predicted that typical 

pregnancy-induced changes to maternal immune cells, including increases in neutrophils 

and decreases in lymphocytes, would be blunted by maternal obesity, and that the absence 

of TNF may be protective. We predicted that excess gestational weight gain would also 

alter maternal immunophenotype during lactation.  

 

5.2.2 Maternal peripheral immunophenotype and diet-induced obesity at E14.5 

Using our model of diet-induced obesity, female mice were fed a standard chow 

diet or 60% high fat diet for 6 weeks prior to mating and were retained on their respective 
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diets through to endpoint at E14.5 (mid-gestation). HF-fed female mice were significantly 

heavier compared to chow-fed mice throughout gestation to E14.5 (Figure 5.2.1A-B), 

consistent with previous work in similar mouse models178, 179, 180, 605, 606. Caloric intake 

was increased in mice fed high fat diet early in pregnancy and normalized by E10.5 

(Figure 5.2.1C), consistent with published data178. At E14.5, the ratios of gonadal fat and 

mesenteric fat weight to body weight were increased in HF fed mice compared to chow-

fed mice (Figure 5.2.1D-E), while liver weight to body weight was decreased (Figure 

5.2.1F). Consistent with our previous data178, HF-fed dams had increased fasting blood 

glucose compared to chow-fed dams (Figure 5.2.1G). Litter size, reabsorptions, fetal 

blood glucose, as well as fetal and placental weights, and their ratio, remained similar 

between diet groups (Figure 5.2.1H-M), also in agreement with our previous data178. 

Peripheral blood immunophenotype was assessed by flow cytometry. Dams with 

diet-induced obesity had an increased prevalence of B cells compared to chow-fed dams 

(Figure 5.2.2A). NK cell prevalence was similar between diet groups (Figure 5.2.2B), 

although the prevalence of total T cells and both CD4+ and CD8+ T cell subsets were 

decreased in dams with HF diet-induced obesity compared to chow-fed dams (Figure 

5.2.2C-D). Absolute cell counts of B cells were increased in HF-fed dams compared to 

chow-fed dams (Figure 5.2.2E), although cell counts of NK cells and total T cells, and the 

ratio of CD4+ to CD8+ T cells, were not different (Figure 5.2.2F-H).  

Significant changes to peripheral blood myeloid cell populations were also 

identified. HF-fed dams had a lower prevalence of neutrophils compared to chow-fed 

dams (Figure 5.2.2I). We also observed that dams with diet-induced obesity had an 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

163 
 

increased proportion of total monocytes (Figure 5.2.2J) and Ly6Chigh monocytes (Figure 

5.2.2K), and Ly6Chigh monocytes as a proportion of total monocytes (Figure 5.2.2L).  

 

 

Figure 5.2.1. Maternal, fetal, and placental physiological measurements. 
Maternal (A-G), fetal (H-K), and placental (L-M) physiological parameters were measured during 

gestation and/or at E14.5 endpoint. (A) weight at E0.5, E6.5, E10.5, and E14.5. (B) weight gain 

from E0.5 to E6.5, E10.5, and E14.5. (C) kilocalorie consumption at E6.5, E10.5, and E14.5. (D) 

ratio of gonadal fat weight to body weight. (E) ratio of mesenteric fat weight to body weight. (F) 

ratio of liver weight to body weight. (G) fasting blood glucose. (H) number of fetuses. (I) number 

of reabsorptions. (J) fetal fasting blood glucose. (K) fetal weight. (L) placental weight. (M) ratio of 

fetal to placental weight. Each data point in A-I indicates an individual mouse (dam), and in J-M 

fetal/placental data for each fetus is averaged per dam. Data in A and C are shown with lines 

connecting time points for individual mice. Data in B are presented as a box plot where the top line 

indicates the mean, with bars at ± standard deviation. Data in D-M are presented as box and 

whisker plots, min to max, with the center line at the median. CON – standard chow diet, n=12, HF 

– 60% high fat diet, n=9. Statistical significance was assessed by Student’s t test. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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The absolute cell counts of leukocytes were similar between diet groups (Figure 5.2.2M), 

as were cell counts of neutrophils (Figure 5.2.2N), but monocyte cell counts were 

elevated in dams with HF diet-induced obesity compared to chow-fed dams (Figure 

5.2.2O-P). We also assessed bone marrow monocyte cell populations. The prevalence of 

monocytes was significantly increased in dams with diet-induced obesity (Figure 5.2.2Q), 

though the proportion of Ly6Chigh monocytes (of total monocytes) was decreased (Figure 

5.2.2R). Absolute cell counts of CD45+ leukocytes and monocytes were significantly 

increased in bone marrow of dams with diet-induced obesity compared to chow-fed dams 

(Figure 5.2.2S-T), and there was a trend toward an increase in Ly6Chigh monocytes 

(Figure 5.2.2U). Overall, these data indicate that blood immunophenotype is significantly 

different in dams with HF diet-induced obesity compared to lean chow-fed dams, in 

particular B cell and monocyte populations, which had increased prevalence (as a 

proportion of total leukocytes) as well as cell numbers. Bone marrow monocyte 

populations were likewise increased in HF-fed dams compared to chow-fed dams. 

Figure 5.2.2. Effects of diet-induced obesity on peripheral blood and bone marrow 

immune cells at E14.5. 
Maternal peripheral blood and femur bone marrow immune cell populations were assessed by flow 

cytometry at E14.5. Prevalence (as a proportion of CD45+
 
leukocytes) of: (A) B cells, (B) NK 

cells, (C) T cells, (D) CD4+
 
and CD8+ T cells. Absolute cell counts of: (E) B cells, (F) NK cells, 

(G) T cells. (H) ratio of CD4+ to CD8+ T cells. Prevalence (as a proportion of CD45+
 
leukocytes) 

of: (I) neutrophils, (J) monocytes, (K) Ly6Chigh monocytes. (L) Prevalence of Ly6Chigh, Ly6Clow, 

and Ly6C- monocytes as a proportion of total monocytes. Blood absolute cell counts of: (M) 

CD45+ leukocytes, (N) neutrophils, (O) monocytes, (P) Ly6Chigh, Ly6Clow, and Ly6C- monocytes. 

Bone marrow prevalence of: (Q) monocytes, (R) Ly6Chigh monocytes. Bone marrow absolute cell 

counts of: (S) total leukocytes, (T) monocytes, (U) Ly6Chigh monocytes. Each data point indicates 

an individual mouse. Data are presented as box and whisker plots, min to max, with the center line 

at the median. CON – standard chow diet, n=11-12, HF – 60% high fat diet, n=9. Statistical 

significance was assessed by Student’s t test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.2.3 Maternal immunophenotype, TNF, and diet-induced obesity at E18.5 

To assess if peripheral immune effects of diet-induced obesity in pregnancy are 

regulated by increased TNF-mediated systemic inflammation, we performed a pilot study 

in WT and TNF-/- female mice. Following the same model of diet-induced obesity 

described for the E14.5 study (section 5.2.2) and in non-pregnant mice (section 5.1.1), 

female mice were fed standard chow diet or 60% high fat diet for 6 weeks prior to mating, 

and were maintained on their respective diets through to endpoint at E18.5 (late 

gestation). We observed no differences in placental efficiency, fetus number, weight, or 

sex ratio, in WT and TNF-/- mice on chow or HF diet (data not shown). Peripheral blood 

immune cells were characterized by flow cytometry (Figure 5.2.3).  

 

Figure 5.2.3. Effects of diet-induced obesity and TNF on peripheral blood 

immunophenotype at E18.5. 
Maternal peripheral blood immune cell populations were assessed by flow cytometry at E18.5 in 

wildtype (WT) and TNF-/-
 
mice fed standard chow diet (Chow) or 60% high fat diet (HF). 

Prevalence (as a proportion of CD45+
 
leukocytes) of: (A) neutrophils, (B) monocytes. (C) Ly6Chigh 

monocytes as a proportion of Ly6C+ monocytes. Blood prevalence (as a proportion of CD45+ 

leukocytes) of: (D) NK cells, (E) B cells, (F) T cells. (G) ratio of CD4+ to CD8+ T cells. Each data 

point indicates an individual mouse. Data are presented as box plots with the box height at the 

mean and bars at ± standard deviation. WT n=6-7, TNF-/-
 
n=3-4. Statistical significance was 

assessed by two-way ANOVA. 
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We observed no main effects of diet or genotype on neutrophils (Figure 5.2.3A), 

total monocytes (Figure 5.2.3B), NK cells (Figure 5.2.3D), or total T cells (Figure 

5.2.3F). There was a main effect of diet on Ly6Chigh monocyte prevalence in HF-fed dams 

(Figure 5.2.3C), and the ratio of CD4+ to CD8+ T cells (due to a decrease in prevalence of 

CD8+ T cells) at E18.5 (Figure 5.2.3G). We also observed an effect of genotype on B cell 

prevalence (i.e. TNF-/- mice had an increased prevalence of B cells) (Figure 5.2.3E), 

consistent with our observations in HF-fed non-pregnant TNF-/- and WT mice (Figure 

5.1.9). Therefore, these pilot data suggest that TNF-/- mice, compared to WT mice, were 

not protected from effects of diet-induced obesity on immunophenotype at E18.5. 

 

5.2.4 Maternal excess gestational weight gain and peripheral immunophenotype 

during lactation 
 

We aimed to investigate effects of excess gestational weight gain on changes to 

maternal immunophenotype during lactation, with a particular focus on monocytes. To 

induce gestational weight gain, female mice were placed on a 45% (kcal from fat) high fat 

diet for two weeks prior to and throughout pregnancy and lactation. Although maternal 

weight between diet groups was similar upon confirmation of a vaginal plug (i.e. at E0.5), 

HF-fed dams gained more weight during pregnancy at all assessed time points (E6.5, 

E10.5, E14.5, and E18.5) (Figure 5.2.4A). HF-fed dams retained this excess gestational 

weight during lactation and were heavier at weaning compared to standard chow-fed mice 

(P21; Chow: 29.3 ± 1.3 g; HF: 31.5 ± 2.9 g). Mice that were fed the high fat diet gained 

~20% more weight from E0.5 through to P21 (mean: 6.10 g) than mice that were on the 

chow diet (mean: 4.85 g). Litter size, offspring weights, and offspring sex ratios (assessed 

at P7) were not statistically different between diet groups (Figure 5.2.4B-D).  
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We assessed peripheral blood immune cells by flow cytometry. We found that 

HF-fed dams compared to chow-fed dams had an increase in the prevalence of B cells (as 

a proportion of total leukocytes) (Figure 5.2.5A), a decrease in NK cell prevalence 

(Figure 5.2.5B), but no changes to the prevalence of total T cells (Figure 5.2.5C), CD4+ T 

cells, or CD8+ T cells (Figure 5.2.5D). Absolute cell counts of B cells (Figure 5.2.5E), 

NK cells (Figure 5.2.5F), and total T cells (Figure 5.2.5G), were not significantly 

different, though there was a trend toward an increase in the ratio of CD4+ to CD8+ T 

cells in HF-fed dams (Figure 5.2.5H). There were no significant differences in the 

prevalence (as a proportion of total leukocytes) of neutrophils (Figure 5.2.5I), total 

monocytes (Figure 5.2.5J), or Ly6Chigh monocytes (Figure 5.2.5K), though there was a 

significant increase in the prevalence of Ly6Chigh monocytes within all monocytes (Figure 

Figure 5.2.4. Effects of excess gestational weight gain on dam and offspring measurements. 
(A) Body weight of female mice allocated to standard chow (CON) or 45% high fat diet (HF) was 

measured at the start of diet allocation (W0), after 1 week (W1) and 2 weeks (W2), during pregnancy 

(at gestational days E0.5, E6.5, E10.5, E14.5, E18.5), and during lactation at P21. (B) number of 

female and male offspring at P7. (C) female to male sex ratio of offspring. (D) weight of offspring at 

P21 (average weight of female and male offspring per dam). Data in A are shown with a dot at the 

mean with error bars at ± standard deviation. Data in B-D are presented as box and whisker plots, 

minimum to maximum, where the center line indicates the median. Each data point in B-D represents 

one dam (i.e. offspring measures were averaged per dam). For A, CON n=11-14, HF n=20-25. For B-

D, CON n=14, HF n=21. Statistical significance was assessed by Student’s t test (A,C) or two-way 

ANOVA (B,D). * p<0.05. 
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5.2.5L). Total cell counts of leukocytes, neutrophils, monocytes, or Ly6Chigh, Ly6Clow, or 

Ly6C- monocytes, were not significantly different between diet groups (Figure 5.2.5M-P).  

 

Figure 5.2.5. Effects of excess gestational weight gain on maternal blood leukocytes at P21. 
Flow cytometry analysis of peripheral whole blood leukocytes of dams at P21 fed standard chow 

diet (CON) or 45% high fat diet (HF). Prevalence (as a proportion of CD45+ leukocytes) of: (A) B 

cells, (B) NK cells, (C) T cells, (D) CD4+ and CD8+ T cells. Absolute cell counts of: (E) B cells, (F) 

NK cells, (G) T cells. (H) ratio of CD4+ and CD8+ T cells. Prevalence (as a proportion of CD45+ 

leukocytes) of: (I) neutrophils, (J) total monocytes, (K) Ly6Chigh monocytes. (L) prevalence of 

Ly6Chigh, Ly6Clow, and Ly6C- monocytes as a proportion of total monocytes. Absolute cell counts 

of: (M) leukocytes, (N) neutrophils, (O) total monocytes, (P) Ly6Chigh, Ly6Clow, and Ly6C- 

monocytes. Data are presented as box and whisker plots, minimum to maximum, with the center 

line at the median. Each data point indicates an individual mouse. CON n=9, HF n=8. Statistical 

significance was assessed by two-tailed Student’s t test. *p<0.05. 
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We further assessed monocyte populations by examining their surface expression 

of Ly6C, F4/80, CX3CR1, CCR2, and CD11b (Figure 5.2.6; Appendix I). Ly6Chigh 

monocytes in chow and HF-fed dams had similar expression of Ly6C (Figure 5.2.6A) and 

F4/80 (Figure 5.2.6B), though Ly6Chigh monocytes in HF-fed dams compared to chow-

fed dams exhibited lower expression of CX3CR1 (Figure 5.2.6C) and higher expression of 

CCR2 (Figure 5.2.6D) as well as CD11b (Figure 5.2.6E). Ly6Clow monocytes had similar 

expression of F4/80 (Figure 5.2.6B) and CD11b (Figure 5.2.6E) between diet groups, but 

HF-fed dams compared to chow-fed dams had lower expression of CX3CR1 and increased 

expression of CCR2 (Figure 5.2.6C-D). Ly6C- monocyte surface expression of F4/80, 

CX3CR1, and CD11b was not significantly different between the diet groups (Figure 

5.2.6B-C, E), though CCR2 expression on Ly6C- monocytes was elevated in HF-fed 

dams compared to chow-fed dams (Figure 5.2.6D). 

 

Figure 5.2.6. Effects of excess gestational weight gain on maternal peripheral blood 

monocyte surface phenotype at P21. 
Flow cytometry analysis of peripheral whole blood monocytes at P21 of dams fed standard chow 

diet (CON) or 45% high fat diet (HF). Monocyte geometric mean surface expression: (A) Ly6C, 

(B) F4/80, (C) CX3CR1, (D) CCR2, (E) CD11b. Data are presented as box and whisker plots, 

minimum to maximum, where the center line indicates the median. Each data point indicates an 

individual mouse. CON n=9, HF n=8. Statistical significance was assessed by two-tailed Student’s 

t test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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We also examined monocyte populations within the bone marrow. Bone marrow 

monocytes were not significantly different by total cell counts or as a proportion of total 

leukocytes between the diet groups (Figure 5.2.7A-E), but Ly6Chigh monocytes exhibited 

higher expression of chemotactic marker CCR2 (Figure 5.2.7G) in HF-fed dams 

compared to chow-fed dams. These data suggested that excess gestational weight gain 

does not have a major impact on bone marrow monocyte populations, though it may 

increase their CCR2-mediated migration into blood. Overall, there were changes to bone 

marrow monocyte phenotype and peripheral blood immunophenotype during lactation in 

mice with diet-induced excess gestational weight gain. 

 

 

Figure 5.2.7. Effects of excess gestational weight gain on bone marrow monocytes at P21. 
Flow cytometry analysis of bone marrow monocytes at P21 of dams fed standard chow diet (CON) 

or 45% high fat diet (HF). Prevalence (as a proportion of CD45+ leukocytes) of: (A) monocytes, 

(B) Ly6Chigh monocytes. (C) prevalence of Ly6Chigh monocytes as a proportion of monocytes. 

Absolute cell counts of: (D) monocytes, (E) Ly6Chigh monocytes. Ly6Chigh monocyte geometric 

mean surface expression of: Ly6C (F), CCR2 (G), and CD11b (H). Data are presented as box and 

whisker plots, minimum to maximum, where the center line indicates the median. Each data point 

indicates an individual mouse. CON n=9, HF n=8. Statistical significance was assessed by two-

tailed Student’s t test. **p<0.01. 
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5.2.5 Discussion 

Similar to data from human pregnancies149, 152, 607, 608, 609, 610, 611, 612, over the course 

of pregnancy in chow-fed mice we observed an increase in the prevalence of myeloid 

cells (monocytes and neutrophils; Figure 5.2.8A), with a reduction of lymphocytes (B 

cells, T cells, NK cells; Figure 5.2.8B), resulting in an increasing ratio of myeloid cells to 

lymphocytes (Figure 5.2.8C). In particular, the prevalence of neutrophils in chow-fed 

dams at E14.5 (mean ± SD, 13.93 ± 3.71% of total leukocytes; Figure 5.2.2I) and at 

E18.5 (10.1 ± 3.72%; Figure 5.2.3A), was higher than in chow-fed non-pregnant mice 

(5.73 ± 2.11%; Chapter 3), and the prevalence of B cells in chow-fed dams was 

significantly lower during pregnancy at E14.5 (48.1 ± 6.11%; Figure 5.2.2A) and at E18.5 

(43.2 ± 3.40%; Figure 5.2.3E) than in non-pregnant chow-fed mice of similar age (63.8 ± 

5.35%; Chapter 3).  

 

To our knowledge, there are no publications on maternal peripheral immune cells 

during lactation in mice, so we compared our data of peripheral immune cell prevalence 

and numbers from the chow-fed lactational dams to that of age-matched non-pregnant 

Figure 5.2.8. Comparison of blood leukocyte populations in non-pregnant and pregnant mice. 

Leukocytes in peripheral whole blood were assessed by flow cytometry from non-pregnant (NP) 

mice (age-matched, Chapter 3) and pregnant mice in early pregnancy (E6.5, n=5), mid-pregnancy 

(E14.5, n=12), or term pregnancy (E18.5, n=7). All mice were fed standard chow diet. Prevalence 

as a proportion of CD45+ leukocytes: (A) myeloid cells (monocytes and neutrophils), (B) 

lymphocytes (B cells, T cells, NK cells). (C) ratio of myeloid to lymphoid cells. Data are shown as 

box plots with the top of the box at the mean and error bars at ± standard deviation. Dots represent 

individual mice at each time point. Data were assessed by one-way ANOVA or non-parametric 

Kruskal-Wallis test. Letters indicate similarities or differences that are of statistical significance.  
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chow-fed female mice (Appendix II). These comparisons revealed significant differences 

in blood immunophenotype, and in particular showed that the increase in myeloid cells 

and decrease in lymphocytes that occurs during pregnancy in mice persists into lactation 

(Appendix II-H). Interestingly, studies of maternal blood in cows show similar trends as 

our data between mid-pregnancy and lactation, with a decrease in B cells, an increase in 

monocytes, and a slight decrease in CD4+ T cells and CD8+ T cells613. Our observations 

from our studies on maternal immunophenotype in pregnancy and lactation are 

summarized in Table 5.2.1.  

Table 5.2.1. Summary of effects of HF diet feeding in female mice. 

 
Effects of high fat diet feeding are summarized from week 12 data of Figure 5.1.2 (non-pregnant mice, 60% 

HF diet), Figure 5.2.2 (E14.5 pregnancy, 60% HF diet), Figure 5.2.3 (E18.5 pregnancy, 60% HF diet), and 

Figure 5.2.5 (P21 lactation, 45% HF diet). Arrows indicate changes in HF-fed mice compared to chow-fed 

mice according to immunophenotype data of the proportions of peripheral immune cells (prevalence as a 

proportion of total leukocytes, or as a proportion of total monocytes for Ly6Chigh monocytes).  
 

We assessed effects of pregravid HF diet-induced obesity on maternal 

immunophenotype at E14.5. As noted above, the prevalence of lymphocytes in our chow-

fed dams at E14.5 was lower than in non-pregnant mice of a similar age, particularly as B 

cells were less prevalent (mean ± SD, pregnant: 48.1 ± 6.1%; non-pregnant: 63.8 ± 

5.35%), but this adaptation was not observed in dams with diet-induced obesity (57.1 ± 

4.67%) (Figure 5.2.2A). We also observed that CD4+ and CD8+ T cell prevalence was 

decreased in dams with diet-induced obesity (Figure 5.2.2D). Consistent with these data, 
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an increased prevalence of B cells and decreased prevalence of CD8+ T cells has been 

reported in the second trimester in women with pregravid obesity compared to women 

with a healthy pre-pregnancy BMI586. Future studies examining numbers, phenotype, and 

cytokine production profiles of specific subsets of B cells (e.g. naïve, transitional, 

memory), as well as subsets of CD4+ and CD8+ T cells (e.g. CD4+ Th subsets, and naïve 

or memory cells), would provide further insight as to whether these changes could have a 

detrimental impact on the adaptive immune response to infection, or effectiveness of 

vaccination, as has been reported in non-pregnant obese individuals614, 615, 616, 617. 

In non-pregnant mice with diet-induced obesity, we observed significant increases 

in the prevalence and numbers of total and Ly6Chigh monocytes (section 5.1), and we 

similarly found that Ly6Chigh monocytes were increased in HF-dams at E14.5 compared 

to chow-fed dams (Figure 5.2.2L,P). We did not further characterize monocyte phenotype 

or cytokine production in pregnancy due to technical constraints, but monocytes in 

pregnancy typically have a more activated phenotype and altered cytokine responses142, 

144, 152, 573, 594. Monocytes are recruited from blood into maternal endometrial tissue as it 

becomes the decidua at the beginning of pregnancy618, 619, 620. These monocytes mature 

into macrophages that support implantation621, remodeling of uterine connective tissues 

and blood vessels622, 623, 624, and regulation of trophoblast invasion622, 624. Once the 

placenta is formed, maternal macrophages are involved in antigen presentation and 

immunomodulation of other leukocytes625, 626, 627, infection defense628, fetal antigen 

tolerance620, 629, and parturition630. Combining studies of monocyte and decidual 

macrophage cytokine responses to PRR stimulation, with transcriptomic and metabolomic 

techniques that have recently been used to study immune and metabolic changes in 
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healthy pregnancy120, 129, 130, 139, would provide further insight into the effects of pregravid 

obesity on tissue-localized and peripheral immunological adaptations early in pregnancy 

and at mid-gestation.  

Our pilot study on the effects of genetic ablation of TNF on maternal 

immunophenotype suggested that at E18.5 HF-fed TNF-/- dams compared to HF-fed WT 

dams were not protected from effects of diet-induced obesity (Figure 5.2.3). In addition, 

differences that we observed in maternal immunophenotype between HF-fed and chow-

fed dams at E14.5, such as an increased prevalence of monocytes and B cells (Figure 

5.2.2A,J), were not apparent at E18.5 (Figure 5.2.3B,E). These data are in agreement with 

a recent study that reported that third trimester peripheral blood of normal weight and 

pregravid obese women had no significant differences in the frequency of total 

monocytes, NK cells, B cells, and total CD4+ T cells and CD8+ T cells186. In other work, a 

model of pre-pregnancy HF diet allocation (with different diet composition) reported that 

there were no differences in the prevalence of total circulating monocytes in chow-fed 

and HF-fed dams at E18.5631. Levels of circulating pro-inflammatory cytokines decrease 

in women with pregravid obesity late in gestation632, and studies in mice have also 

reported lower inflammation within adipose631, 633 or liver tissue631 of HF-fed dams late in 

gestation, in comparison to HF-fed non-pregnant mice. Thus, the similarities in 

immunophenotype between chow-fed and HF-fed mice at E18.5, whether WT or TNF-/- 

genotype, could suggest that pregnancy attenuates obesity-associated changes to tissue-

localized and peripheral inflammation, and consequently circulating immune cells, 

particularly late in gestation. Alternatively, there may be a ‘catch-up’ of required 

immunological changes in pregnancy that results in a similar end-of-pregnancy 
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immunophenotype in lean and obese women, or chow-fed and HF-fed mice. This may 

occur concurrently with other metabolic or physiological adaptations. For example, 

glucose intolerance and elevated secretion of insulin in response to glucose at E14.5 in 

HF-fed dams, compared to chow-fed dams, is no longer apparent at E18.5633. In obese 

women compared to lean women, increased trajectories of weight gain, insulin resistance, 

and circulating triglyceride levels are more apparent within the first and second trimesters 

of pregnancy634, 635, 636. Gradual attenuation of obesity-associated inflammation, or late-

gestation adjustment of maternal immune, metabolic, or physiological traits to meet 

required pregnancy adaptations, may be a protective measure for fetal development.  

We also considered effects of excess gestational weight gain in lactation. B cell 

prevalence in non-pregnant female mice was more comparable to the B cell prevalence in 

dams with excess gestational weight gain at P21 (mean ± SD, NP: 58.2 ± 5.6%; HF: 54.5 

± 8.15%), than the chow-fed dams at P21 (Chow Lac: 40.4 ± 12.4%). NK cell prevalence 

was also more similar between non-pregnant mice and HF-fed dams during lactation at 

P21 (mean ± SD, NP: 2.09 ± 0.57%; HF: 2.38 ± 1.45%) than chow-fed dams during 

lactation (Chow Lac: 3.77 ± 0.92%). While monocyte prevalence was similar between the 

diet groups in lactation at P21, peripheral blood Ly6Chigh monocytes may more readily 

migrate into tissues, as they expressed lower CX3CR1 and higher CCR2 and CD11b in 

HF-fed dams compared to chow-fed dams (Figure 5.2.6).  

These data collectively indicate that there are temporal changes to maternal blood 

immunophenotype across pregnancy and lactation, and support our overall hypotheses 

that maternal peripheral blood immune cell adaptations are modified in pregnancy by 

pregravid obesity, and in lactation by excess gestational weight gain.  
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Appendix I. 

 

 

Surface phenotype changes of the Ly6Chigh to Ly6C- monocyte transition in the bone 

marrow, monocyte migration in blood, and monocyte to macrophage differentiation. 
As described in Chapter 1, as monocytes transition from Ly6Chigh to Ly6C- in the bone marrow, 

they lose expression of Ly6C and CCR2287. Ly6Chigh monocyte retention in the bone marrow is 

dependent on CX3CR1
286, 301, 302. Ly6Chigh monocyte egress from bone marrow is regulated by 

CCR2 signalling initiated by CCL2/CCL7305, 306, 307, 308. Ly6C- monocytes use CX3CR1-CX3CL1 

interactions to patrol the blood vessel endothelium287, 298, 313, 314. CD11b is involved in vascular 

movement and endothelial transmigration637, 638. As monocytes transition into tissue macrophages, 

they increase their surface expression of F4/80 and expression of Ly6C and CCR2 is reduced272, 

322. For simplicity, Ly6Clow monocytes are not shown in this figure. 
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Appendix II. 

 
Comparison of peripheral blood immunophenotype in age-matched non-pregnant 

non-lactating female mice and dams in lactation at P21. 
Flow cytometry analysis of peripheral whole blood leukocytes of chow-fed aged-matched non-

pregnant mice (NP) and chow-fed dams at P21 (Lac). Prevalence (as a proportion of CD45+ 

leukocytes) of: (A) neutrophils, (B) monocytes, (C) Ly6Chigh monocytes. (D) Prevalence of 

Ly6Chigh monocytes (as a proportion of total monocytes). Absolute cell counts of: (E) neutrophils, 

(F) monocytes, (G) total leukocytes. (H) ratio of lymphocytes to myeloid cells. Prevalence (as a 

proportion of CD45+ leukocytes) of: (I) B cells, (J) NK cells, (K) T cells. Absolute cell counts of: 

(L) B cells, (M) NK cells, (N) T cells. (O) ratio of CD4+ and CD8+ T cells. Data are presented as 

box and whisker plots, minimum to maximum, where the center line indicates the median. Each 

data point indicates an individual mouse. NP n=7, Lac n=9. Statistical significance was assessed 

by two-tailed Student’s t test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Chapter 6. Intestinal macrophages in chronic inflammation 

 

In this chapter, we aimed to assess effects of chronic inflammation on intestinal 

macrophages. We began by using the model of diet-induced obesity in female mice 

established in Chapter 5, examining longitudinal effects on macrophage prevalence, 

phenotype, and functions due to obesity-associated inflammation (section 5.1). We 

considered whether modulation of TNF would prevent effects of diet-induced obesity 

(section 5.2), and the role of the microbiome (section 5.3). We then assessed effects of 

age-associated chronic inflammation, and the aging microbiome (section 5.4). We also 

investigated effects of intestinal adaptations and excess maternal weight gain during 

lactation (section 5.5).  
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6.1 Intestinal macrophages in diet-induced obesity 

6.1.1 Introduction 

Changes to intestinal homeostasis in diet-induced obesity have been linked to 

inflammation and metabolic dysregulation in the liver, skeletal muscle, and adipose 

tissue, as well as systemic inflammation and insulin resistance375, 639 75, 83, 89, 640, 641, 642. 

Many researchers have reported that diet-induced obesity causes the development of a 

pro-inflammatory environment in the small intestines and colons of mice89, 390, 643, 644, 645. 

Mouse models have accordingly demonstrated that a high fat diet exacerbates 

inflammation and intestinal pathology in genetic mouse models of IBD646, 647, and 

exacerbates chemically-induced DSS colitis by increasing pro-inflammatory macrophage 

accumulation648, 649. In contrast, when mice with diet-induced obesity are treated with the 

anti-inflammatory drug 5-aminosalicyclic acid (which has limited systemic effects), 

intestinal permeability is reduced, as is systemic soluble inflammation, adipose tissue 

inflammation, and insulin resistance641.  

Diet-induced obesity is associated with impairment of the gut vascular barrier375, 

dysregulation of enteric neuron activity and gastrointestinal motility650, 651, dysregulation 

of intestinal stem cell crypt proliferation652, 653, and impaired lymphatic function654. 

Macrophages have been implicated in regulation of all of those processes in conditions of 

homeostasis. As previously discussed, macrophages are involved in maintenance of an 

anti-inflammatory tolerogenic environment and epithelial barrier integrity in the 

intestines. Microbial dysbiosis, disruptions to the intestinal epithelial barrier, and 

increased inflammatory tone of the lamina propria and underlying tissues, can influence 

recruitment, phenotype, and functions of monocytes and macrophages267, 405, 407. 
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Treatment of the macrophage cell line RAW 264.7 with metabolites produced in the 

intestines of mice fed HF diet induces gene expression and secretion of IL-1β, IL-6, and 

TNF655. These cytokines can remodel the actin-myosin cytoskeleton within intestinal 

epithelial cells, disrupting tight junction protein interactions and increasing paracellular 

permeability492, 656, 657, as well as alter transcription of claudin molecules that form tight 

junctions and pores364. Accordingly, in vitro co-culture models have shown that human 

primary monocytes or monocyte-derived macrophages expressing inflammasome 

cytokines like IL-1β and IL-18, or TNF, can reduce transepithelial resistance (i.e. increase 

intestinal permeability) in Caco-2, HT-29B/6, and T84 intestinal epithelial cell lines by 

altering epithelial cell localization of tight junction protein claudin-2, and inducing 

epithelial cell apoptosis489. Studies that depleted intestinal epithelial cell ccl2 (involved in 

chemotactic recruitment of monocytes), or treated mice with anti-CSF1 (required for 

differentiation and maintenance of tissue macrophages) have suggested that macrophages, 

and monocyte-derived macrophages in particular, also contribute to intestinal 

inflammation and systemic metabolic dysregulation in diet-induced obesity89, 658.  

In Chapter 5 we identified that HF diet-induced obesity in non-pregnant female 

mice increases circulating immature pro-inflammatory Ly6Chigh monocytes, and that 

these monocytes are more sensitive to CCL2-elicited chemotaxis. Acute intestinal 

inflammation due to infection, colitis, or sterile injury, elicits rapid CCR2/CCL2-

mediated recruitment of pro-inflammatory Ly6Chigh monocytes into intestinal tissues, 

which develop into immature, pro-inflammatory macrophages236, 405, 415, 433. It was unclear 

whether these observations would apply in the context of diet-induced obesity, in which 

inflammation is characterized as low-grade and chronic.  
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Conflicting data has been reported from studies that have examined intestinal 

macrophages in the context of diet-induced obesity. Immunohistochemistry data from 

Kawano and colleagues suggested that there is an increase in CD68+ macrophages in the 

colon lamina propria within 4 weeks of HF diet in male mice in comparison to chow-fed 

mice. Flow cytometry data also identified an increase in CD11b+F4/80+CD11c- cells in 

the colon but not small intestine of HF-fed male mice in comparison to chow-fed mice89. 

In contrast, Luck et al. reported that there is a trend toward a decrease in the prevalence 

of colon CX3CR1
+MHCII+ macrophages and a significant decrease in total cell numbers 

in mice with diet-induced obesity, in comparison to lean chow-fed mice, after 14 weeks 

diet allocation640. Using immunofluorescence staining in the small intestine, it was found 

that villus CD11b+MHCII+ cells (but not CX3CR1
+ cells by flow cytometry) decreased 

after one week in mice fed a HF diet compared to a chow diet, but this difference 

disappeared after 16 weeks659. Garidou and colleagues reported no changes to the 

prevalence of ileum CD19-MHCII+ antigen presenting cells in male mice after 30 days 

HF diet in comparison to chow-fed mice660. It had also been reported after 10 weeks that 

male mice fed HF diet compared to chow diet had a similar prevalence of small intestine 

CX3CR1
+ macrophages, but there was an increase in CD103-CX3CR1

+CD11chi 

macrophages and a decrease in CD103-CX3CR1
+CD11clo macrophages661. Therefore, 

while there was some evidence to suggest that macrophage populations are altered in both 

the colon and small intestine as a result of diet-induced obesity, there was no consensus 

amongst published data. It was also unclear whether there is increased infiltration of 

monocytes and accumulation of monocyte-derived macrophages, and whether resident 

macrophage population prevalence, phenotype and/or functions are affected.  
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We hypothesized that recruitment of immature inflammatory Ly6Chigh monocytes 

into the intestines would contribute to intestinal inflammation, and that they would 

differentiate into macrophages with pro-inflammatory properties. We predicted that these 

pro-inflammatory macrophages would disrupt normal tissue-resident macrophage 

population prevalence, proliferation, phenotype, and functions, and that these changes 

contribute to increased intestinal permeability. We assessed Ly6Chigh monocytes, 

transitional Ly6C+MHCII+ cells, and macrophages (total and CD4-TIM4-, CD4+, and 

CD4+TIM4+ populations) in the colons and small intestines of female mice, using a model 

of diet-induced obesity. Based on studies of turnover rates of intestinal macrophages214, 

408, 409, we performed assessments after 6, 12, and 18 weeks of diet allocation. 

 

6.1.2 Results 

Intestine length and permeability 

After allocating young female mice to standard chow diet or a high fat diet (60% 

kcal from fat) for 6, 12, or 18 weeks, we measured body weight and lengths of the small 

intestine and colon (Figure 6.1.1A-C). Diet-induced obesity was observed in mice fed the 

HF diet, with an ~23% increase in body weight in HF-fed mice compared to chow-fed 

mice after 6 weeks (chow mean: 20.39 g; HF mean: 26.44 g) and an ~46% increased body 

weight in HF-fed mice compared to chow-fed mice after 18 weeks (chow mean: 22.74 g; 

HF mean: 42.29 g) (Figure 6.1.1A). Consistent with previous reports from male mice89, 

662, 663, after 6 weeks small intestine length was decreased in female mice fed the HF diet 

(mean ± SD: 31.6 ± 1.6 cm) in comparison to chow-fed mice (35.5 ± 2.8 cm) (Figure 

6.1.1B). There was also a main effect of time of diet allocation, though a similar ~4 cm 
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difference in length was observed between diet groups after 6, 12, and 18 weeks. By 6 

weeks, colon length was significantly decreased in mice fed the HF diet (mean ± SD: 6.2 

± 0.4 cm) compared to mice fed the chow diet (7.6 ± 1.2 cm), and colon length remained 

shorter in HF-fed mice in comparison to chow-fed mice after 12 and 18 weeks (Figure 

6.1.1C). These results may seem counterintuitive as the intestines use energy for growth, 

but when energy is in excess, a smaller epithelial surface area is required to maximize 

energy absorption, and the intestinal epithelium is energetically costly to maintain, so 

intestinal length decreases664. Decreased intestinal length may also be an indication of 

inflammation, as has been reported in mouse models of colitis435, 480, 642, 665.  

 

 

Figure 6.1.1. Intestinal lengths and permeability in chow and HF-fed mice. 
Intestinal permeability and physiology were assessed after 6, 12, or 18 weeks allocation to 

standard chow (Chow) or 60% high fat (HF) diet. (A) body weight. (B) small intestine length. (C) 

colon length. An in vivo FITC-dextran assay of intestinal permeability was performed 6 weeks (D) 

and 18 weeks (E) after diet allocation. Each data point indicates an individual mouse. Data in A-E 

are presented with box height at the mean with error bars indicating ± standard deviation. Data in 

A to C are pooled from 2-3 independent experiments of n=4-5 mice per group (n=9-14 per time 

point). Data in D are representative of two independent experiments of n=7-10 mice per diet group. 

Data in E are from one independent experiment of n=7-8 mice per diet group. Statistical 

significance was assessed by two-way ANOVA with Tukey’s post-hoc test for between-diet 

comparisons for A-C and by two-tailed Student’s t test for D-E. RFU – relative fluorescence units. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Studies of diet-induced obesity in male mice have reported increases in intestinal 

permeability89, 390, 660. However, it has been observed that male mice have greater 

intestinal permeability than female mice fed a Western diet (40% kcal from fat) for 20 

weeks666, and it has been reported that estrogen may have protective effects on intestinal 

permeability667, 668. To ascertain if diet-induced obesity affected intestinal permeability in 

our female mouse model, we initially performed an in vivo assay and measured plasma 

fluorescence after gavaging mice with FITC-conjugated dextran. We found that there was 

an increase in post-gavage plasma fluorescence in HF-fed mice compared to chow-fed 

mice by 6 weeks of diet allocation (Figure 6.1.1D), which persisted after 18 weeks 

(Figure 6.1.1E). These data suggested that an increase in intestinal permeability occurs 

within 6 weeks in female mice fed a HF diet compared to a chow diet, coincident with our 

measurements of decreased small intestine and colon lengths in the HF-fed mice.  

The FITC-dextran assay provides an indication of whether there are changes in 

intestinal permeability, but it does not show where or how changes occur. We used 

Ussing chambers, a short-term organ culture method, to examine tissue permeability in 

the distal ileum and proximal colon after 6 weeks or 20 weeks of diet allocation (Figure 

6.1.2). We measured conductance (i.e. an indicator of tissue integrity), short-circuit 

current (Isc; i.e. total ion transport), and mucosal-to-serosal flux of 51Cr-EDTA (i.e. 

paracellular permeability)669, 670. These experiments identified no differences in 

conductance between the diet groups in either ileal or colon tissues after 6 weeks diet 

allocation (Figure 6.1.2B and E), but HF-fed mice, in comparison to chow-fed mice, had 

an increase in ileal conductance after 20 weeks (Figure 6.1.2H), suggestive of disruption 

of tissue structure669, 670. After 6 weeks, short-circuit current was slightly increased in  
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Figure 6.1.2. Ussing chamber assessments of intestines in chow and HF-fed mice. 
Intestinal permeability and physiology were assessed by in vitro Ussing chamber assay after 6 

weeks (A-F) or 20 weeks (G-L) allocation to standard chow (Chow) or 60% high fat (HF) diet. 

Ileum tissue: (A,G) ion short current, (B,H) conductance, (C,I) paracellular permeability. Colon 

tissue: (D,J) ion short current, (E,K) conductance, (F,L) paracellular permeability. Each data 

point indicates an individual mouse. Data are presented as box and whisker plots, minimum to 

maximum, where the center line indicates the median. Data in A-F are pooled from two 

independent experiments of n=8 mice per group. Data in G-L are from one independent 

experiment of n=4-5 mice per group. Statistical significance was assessed by two-tailed 

Student’s t test. *p<0.05, ***p<0.001. 
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colons of HF-fed mice in comparison to chow-fed mice (Figure 6.1.2D). Paracellular 

permeability, measured by mucosal-to-serosal flux of 51Cr-EDTA, was not different in 

colon tissues after 6 weeks between diet groups (Figure 6.1.2F), but there was a 

significant increase in paracellular permeability of the ileum tissues of HF-fed mice 

compared to chow-fed mice (Figure 6.1.2C), which implied that the observed increase in 

intestinal permeability in HF-fed mice in comparison to chow-fed mice at 6 weeks by in 

vivo FITC-dextran assay (Figure 6.1.1D) is primarily due to loss of ileum tight junction 

barrier integrity. After 20 weeks, short-circuit current in HF-fed mouse colons was 

increased in comparison to chow-fed mouse colons (Figure 6.1.2J), as we had observed 

after 6 weeks (Figure 6.1.2D), indicative of a sustained difference in active ion transport. 

While not significant, likely due to limited sample size, there was a trend toward 

increased in vitro paracellular flux of 51Cr-EDTA in both the ileum (as observed at 6 

weeks) and the colon after 20 weeks (Figure 6.1.2I and 6.1.2L) in HF-fed mice compared 

to chow-fed mice, suggesting that both colon and ileum intestinal epithelium barrier 

changes may contribute to the higher intestinal permeability observed in HF-fed mice 

compared to chow-fed mice by the in vivo FITC-dextran assay at 18 weeks (Figure 

6.1.1E). These experiments collectively showed that intestinal lengths, tissue integrity, 

and paracellular permeability, are altered between chow-fed and HF-fed mice within 6 

weeks of diet allocation, and that these changes persist or even become exacerbated with 

increasing adiposity and HF diet exposure after 12 and 18 weeks.  

Intestinal macrophages – prevalence and absolute cell counts 

We used flow cytometry to assess monocyte and macrophage populations in 

whole tissue digestions of the ileum and colon. We began by examining the prevalence of 
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the monocyte-to-macrophage transition populations of Ly6C+MHCII-, Ly6C+MHCII+, 

and MHCII+ immune cells (Figure 6.1.3).  

 

In the ileum, we observed that Ly6Chigh monocytes (as a proportion of total 

leukocytes) were consistently decreased in mice with HF diet-induced obesity compared 

to chow-fed mice (Figure 6.1.3A), with a reduction of Ly6C+MHCII+ transitional 

monocytes at 6 and 12 weeks in HF-fed mice in comparison to chow-fed mice (Figure 

6.1.3B). MHCII+ macrophages (as a proportion of total leukocytes) in the ileum were 

increased at all time points in HF-fed mice in comparison to chow-fed mice (Figure 

6.1.3C). In the colon, we observed that Ly6Chigh monocytes (as a proportion of total 

leukocytes) in the HF-fed mice were no different from chow-fed mice after 6 weeks or 18 

weeks, though there was a decrease after 12 weeks (Figure 6.1.3D). There were no 

Figure 6.1.3. Intestinal monocyte and macrophage prevalence in chow and HF-fed mice. 
Intestinal monocyte and macrophage populations were assessed by flow cytometry in the colon 

and ileum after 6, 12, or 18 weeks of diet allocation to standard chow (Chow) or 60% high fat (HF) 

diet. Ileum prevalence (as a proportion of total CD45+ leukocytes) of: (A) Ly6Chigh monocytes, (B) 

Ly6C+MHCII+ cells, (C) total MHCII+ macrophages. Colon prevalence (as a proportion of total 

CD45+ leukocytes) of: (D) Ly6Chigh monocytes, (E) Ly6C+MHCII+ cells, (F) total MHCII+ 

macrophages. Each data point indicates an individual mouse. Data are presented as box and 

whisker plots, minimum to maximum, where the center line indicates the median. Data are pooled 

from 1-3 independent experiments of n=4-5 mice per group. Statistical significance was assessed 

by Student’s two-tailed t test at each time point. *p<0.05, **p<0.01. 
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differences in the proportions of colon Ly6C+MHCII+ cells between diet groups at any 

time point (Figure 6.1.3E). Colon MHCII+ macrophage prevalence was not different at 6 

or 12 weeks, and was decreased at 18 weeks in HF-fed mice in comparison to chow-fed 

mice (Figure 6.1.3F).  

We also considered absolute cell counts (i.e. numbers of cells). Ly6Chigh 

monocyte, transitional Ly6C+MHCII+ cells, and MHCII+ macrophage cell counts were 

not significantly increased in either the ileums (Figure 6.1.4A-C) or colons (Figure 

6.1.4G-I) of HF-fed mice compared to chow-fed mice. Cell counts of all three populations 

in HF-fed mice compared to chow-fed mice were consistently decreased at 6, 12, and 18 

weeks in the ileums, despite an increase in the prevalence of MHCII+ macrophages 

(Figure 6.1.3C). In the colons of HF-fed mice compared to chow-fed mice, Ly6Chigh 

monocytes and total MHCII+ macrophages were decreased after 6 weeks, and Ly6Chigh 

monocytes and transitional Ly6C+MHCII+ cells were decreased after 12 weeks. As we 

had observed that the lengths of the small intestine and colon were decreased in mice with 

HF diet-induced obesity in comparison to chow-fed mice, we also adjusted cell counts by 

the tissue length (though it must be noted that this approach does not account for changes 

in tissue diameter and overall surface area). We found similar trends in the ileum (Figure 

6.1.4D-F) and colon (Figure 6.1.4J-L). Therefore, in contrast to our hypothesis, compared 

to chow-fed mice, mice with HF diet-induced obesity did not have increased infiltration 

of circulating Ly6Chigh monocytes into ileum or colon tissues, nor an increase in the 

number of transitional Ly6C+MHCII+ cells or MHCII+ macrophages. 

We further examined macrophage populations by considering the prevalence (as a 

proportion of total macrophages) and numbers (as absolute cell counts) of CD4-TIM4-, 
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CD4+, and CD4+TIM4+ macrophages (as illustrated in Figure 1.2), in the ileum (Figure 

6.1.5), and the colon (Figure 6.1.6).  

 

  

Figure 6.1.4. Intestinal monocyte and macrophage cell counts in chow and HF-fed mice. 
Intestinal macrophage populations were assessed by flow cytometry in the colon and ileum after 6, 

12, or 18 weeks of diet allocation to standard chow (Chow) or 60% high fat (HF) diet. Ileum 

absolute cell counts of: (A) Ly6Chigh monocytes, (B) Ly6C+MHCII+ cells, (C) total MHCII+ 

macrophages. Ileum absolute cell counts per cm tissue length of: (D) Ly6Chigh monocytes, (E) 

Ly6C+MHCII+ cells, (F) total MHCII+ macrophages. Colon absolute cell counts of: (G) Ly6Chigh 

monocytes, (H) Ly6C+MHCII+ cells, (I) total MHCII+ macrophages. Colon absolute cell counts per 

cm tissue length of: (J) Ly6Chigh monocytes, (K) Ly6C+MHCII+ cells, (L) total MHCII+ 

macrophages. Each data point indicates an individual mouse. Data are presented as box and 

whisker plots, minimum to maximum, where the center line indicates the median. Data are pooled 

from 1-3 independent experiments of n=4-5 mice per group. Statistical significance was assessed 

by Student’s two-tailed t test at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 6.1.5.  Ileum macrophage populations in chow and HF-fed mice. 
Ileum CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations were assessed by flow 

cytometry after 6, 12, or 18 weeks allocation to standard chow (Chow) or 60% high fat (HF) diet. 

Ileum CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages (as a proportion of total macrophages) 

after: (A) 6 weeks, (B) 12 weeks, (C) 18 weeks. (D,F,H) absolute cell counts of ileum macrophage 

populations. (E,G,I) absolute cell counts of macrophages normalized by ileum length. (J) Pie graph 

summaries of mean prevalence of each macrophage population by assessed time point. Each data 

point in A-I indicates an individual mouse and data are presented as box and whisker plots, 

minimum to maximum, with the center line at the median. Data are pooled from 2-3 independent 

experiments of n=4-5 mice per group. Statistical significance was assessed by Student’s two-tailed 

t test at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 6.1.6.  Colon macrophage populations in chow and HF-fed mice. 
Colon CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations were assessed by flow 

cytometry after 6, 12, or 18 weeks allocation to standard chow (Chow) or 60% high fat (HF) diet. 

Colon CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages after: (A) 6 weeks, (B) 12 weeks, (C) 18 

weeks. (D,F,H) absolute cell counts of colon macrophage populations. (E,G,I) absolute cell counts 

of macrophages normalized by colon length. (J) Pie graph summaries of mean prevalence of each 

macrophage population by assessed time point. Each data point in A-I indicates an individual 

mouse and data are presented as box and whisker plots, minimum to maximum, with the center 

line at the median. Data are pooled from 2-3 independent experiments of n=4-5 mice per group. 

Statistical significance was assessed by Student’s two-tailed t test at each time point. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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In the ileums of HF-fed mice in comparison to chow-fed mice, there was a 

consistent decrease in CD4-TIM4- macrophage prevalence (Figure 6.1.5A-C), absolute  

cell counts (Figure 6.1.5D), and absolute cell counts adjusted to tissue length (Figure 

6.1.5E) at 6, 12 and 18 weeks, consistent with our observations of decreases in Ly6Chigh 

monocyte and transitional and Ly6C+MHCII+ cell populations (Figures 6.1.3A-B; 6.1.4A-

B, D-E). In HF-fed mice the proportions of ileum CD4+ and CD4+TIM4+ macrophages 

were both increased at 12 weeks in comparison to chow-fed mice (Figure 6.1.5B), though 

total cell counts of these populations were decreased (Figure 6.1.5F-I). CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophage population dynamics were also altered in the colon. 

In comparison to chow-fed mice, HF-fed mice had a significantly reduced prevalence of 

CD4+TIM4+ macrophages and an increase in CD4+ macrophages (as a proportion of total 

macrophages) after 6, 12, and 18 weeks (Figure 6.1.6A-C). Assessment of absolute cell 

counts indicated that the number of CD4+ macrophages in the colon was similar between 

chow-fed and HF-fed mice after all assessed time points (Figure 6.1.6F-G), while  

CD4-TIM4- and CD4+TIM4+ cell counts were decreased in HF-fed mice compared to 

chow-fed mice at 6 and 12 weeks (Figure 6.1.6D-E; H-I).  

Intestinal macrophages – proliferation 

As we consistently observed decreases in cell counts of Ly6Chigh monocytes, 

transitional Ly6C+MHCII+ macrophages, and CD4-TIM4- macrophages in the ileums of 

HF-fed mice in comparison to chow-fed mice (Figures 6.1.3 to 6.1.5), our data suggested 

that there may be reduced recruitment of monocytes to the ileum to replenish macrophage 

populations in response to effects of diet-induced obesity. The reduction of intestinal 

macrophage numbers could also be to due to a concomitant decrease in local self-renewal 
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of macrophages or loss of proliferative capacity of newly recruited monocyte-derived 

macrophages214, 220. We assessed chow-fed and HF-fed mouse macrophage proliferation 

in the ileum and colon by flow cytometry, combining surface staining with intracellular 

staining of nuclear cell proliferation marker Ki67 (Figure 6.1.7).  

 

Figure 6.1.7.  Colon and ileum macrophage proliferation in chow and HF-fed mice.  
Macrophage proliferation was assessed by flow cytometry analysis of intracellular Ki67 

expression in CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages of mice fed standard chow 

(Chow) or 60% high fat (HF) diet for 6, 12 or 18 weeks. Ileum: (A) 6 weeks, (C) 12 weeks, (E) 18 

weeks. Colon: (B) 6 weeks, (D) 12 weeks, (F) 18 weeks. (G) Representative histograms of Ki67 

staining in CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages from mice fed chow or high fat diet. 

Data are reported as geometric mean fluorescence intensity. Each data point indicates an 

individual mouse. Data are presented as box and whisker plots, minimum to maximum, where the 

center line indicates the median. Data are from one independent experiment at each time point of 

n=5-6 mice per group. Statistical significance was assessed by Student’s two-tailed t test at each 

time point.  
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We observed that the Ki67 staining pattern was different according to CD4 and 

TIM4 expression, with CD4-TIM4- macrophages of both chow-fed and HF-fed mice 

showing the highest levels of staining (Figure 6.1.7G), consistent with their more recent 

recruitment from monocyte precursors to replace tissue macrophages214, 408, 409. There 

were no significant differences of Ki67 staining after 6, 12 or 18 weeks diet allocation 

between chow or HF diet groups in CD4-TIM4-, CD4+, or CD4+TIM4+ macrophages in 

the ileum (Figure 6.1.7A,C,E) or colon (Figure 6.1.7B,D,F). Therefore, HF diet-induced 

obesity did not appear to alter the self-renewal rate of longer-lived embryonic origin 

CD4+TIM4+ macrophages or longer-lived monocyte-derived CD4+ macrophages. Nor 

was the proliferation of rapidly recruited monocyte-derived CD4-TIM4- macrophages 

changed in HF-fed mice compared to chow-fed mice. These results suggested that 

reduced monocyte recruitment, rather than a reduction in local macrophage proliferation, 

is a significant contributor to the sustained reduction in macrophage cell counts observed 

in the ileums of mice with HF diet-induced obesity in comparison to chow-fed mice.  

Intestinal macrophages – surface phenotype 

We further assessed macrophage surface expression of Ly6C, CD11b, CD64, 

CCR2, F4/80, and MHCII, as well as the intestinal tissue macrophage markers CD4 and 

TIM4, in the ileum (Table 6.1.1) and the colon (Table 6.1.2). As shown in Figure 1.2, as 

monocytes become intestinal tissue macrophages, they progressively lose expression of 

Ly6C and CCR2 while increasing their expression of CD64, F4/80, and MHCII. 

Additional details about these cell surface proteins are provided in Appendix I.  
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Table 6.1.1. Surface marker expression of ileum macrophages from chow and HF-fed mice. 

 
Data are shown comparing HF to Chow mouse macrophages (e.g. CD4-TIM4- macrophages from HF-fed mice in 

comparison to chow-fed mice have significantly lower expression of Ly6C after 6 weeks diet allocation). Geometric 

mean expression of each surface marker was combined from 2-3 independent experiments of n=4-5 mice per group by 

normalizing the data from each mouse to the mean of the chow mouse group in each independent experiment. This 

approach was taken to account for variation in cytometer settings between experiments. 

 

 

 

 

Table 6.1.2.  Surface marker expression of colon macrophages from chow and HF-fed mice. 

 
Data are shown comparing HF to Chow mouse macrophages (e.g. CD4-TIM4- macrophages from HF-fed mice in 

comparison to chow-fed mice have significantly lower expression of CD11b after 6 weeks diet allocation). Geometric 

mean expression of each surface marker was combined from 2-3 independent experiments of n=4-5 mice per group by 

normalizing the data from each mouse to the mean of the chow mouse group in each independent experiment. This 

approach was taken to account for variation in cytometer settings between experiments. 
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Assessment of surface expression revealed that CD4-TIM4-, CD4+, and 

CD4+TIM4+ macrophages at almost all time points in the ileums of HF-fed mice, in 

comparison to chow-fed mice, had reduced surface expression of Ly6C, CD11b, CD64, 

and CCR2. In comparison to macrophages in chow-fed mice, MHCII expression was 

increased on all ileum macrophage populations from HF-fed mice, and TIM4 expression 

was decreased on CD4+TIM4+ macrophages. As in the ileum, all colon macrophage 

populations of HF-fed mice consistently had lower expression of CD11b, whereas CD4+ 

and CD4+TIM4+ macrophages had higher MHCII expression, in comparison to colon 

macrophages from chow-fed mice. In HF-fed mice compared to chow-fed mice, colon 

CD4+ macrophages had decreased CD64 expression at 12 and 18 weeks, and at 18 weeks 

both CD4 and TIM4 expression were decreased on CD4+ and CD4+TIM4+ populations. 

These data collectively indicated that there are tissue-specific effects of HF diet-induced 

obesity on intestinal macrophage surface phenotype. 

Intestinal macrophages – intracellular cytokine expression 

A critical characteristic of intestinal macrophage maintenance of homeostasis is 

their constitutive expression of IL-10, which supports an anti-inflammatory and 

tolerogenic intestinal environment236, 461, 483, 496, 671. Intestinal macrophages also produce 

low levels of TNF236, which is involved in maintenance of the intestinal epithelium672, 673. 

We predicted that intestinal macrophages from mice with diet-induced obesity would 

have reduced expression of IL-10, and increased expression of TNF, in comparison to 

macrophages from lean mice fed the standard chow diet. We assessed intracellular 

expression of these cytokines in ileum and colon macrophages by flow cytometry. 

Intestinal macrophages are typically hyporesponsive to PRR stimuli like LPS223, 236, 433, 459, 
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483, and we also found this to be the case in pilot experiments (Appendix II A-B). We 

showed that intestinal permeability is increased in mice with HF diet-induced obesity in 

comparison to lean chow-fed mice (Figures 6.1.1 and 6.1.2), so we assumed that any 

bacteria or antigens that crossed the epithelial barrier due to increased permeability would 

have already influenced macrophage polarization and inflammatory character, and 

accordingly decided to examine basal cytokine production in the absence of stimulation. 

In both the colon and ileum, we observed that CD4-TIM4-, CD4+, and 

CD4+TIM4+ macrophages generally had differential expression of IL-10 and TNF, 

irrespective of diet, with the greatest cytokine expression in CD4+TIM4+ macrophages 

(Figure 6.1.8). However, our hypothesis was not true for any macrophage population after 

6, 12, or 18 weeks diet allocation. IL-10 production was similar in ileum macrophages 

from chow-fed and HF-fed mice after 6 weeks (Figure 6.1.8A), but in mice with HF diet-

induced obesity in comparison to chow-fed lean mice, IL-10 was increased in ileum CD4-

TIM4- and CD4+ macrophages after 12 weeks (Figure 6.1.8B), and in CD4-TIM4- 

macrophages after 18 weeks (Figure 6.1.8C). TNF expression was significantly decreased 

in all ileum macrophages of HF-fed mice in comparison to chow-fed mice after 6 weeks 

(Figure 6.1.8D), and in CD4+ and CD4+TIM4+ macrophages after 12 weeks (Figure 

6.1.8E), but no differences were detected by 18 weeks (Figure 6.1.8F). In the colon, there 

was also evidence of temporal changes in IL-10 and TNF expression within all 

macrophage populations. After 6 and 12 weeks diet allocation, colon macrophages from 

chow-fed mice generally had lower expression of IL-10 (Figure 6.1.8G-H), and higher 

expression of TNF (Figure 6.1.8J-K), in comparison to HF-fed mice.  
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After 18 weeks, there were no differences in production of IL-10 within colon 

macrophages between the diet groups (Figure 6.1.8I), and TNF expression was similar in 

CD4-TIM4- macrophages (Figure 6.1.8L), though mice with HF diet-induced obesity had 

lower expression of TNF in CD4+ and CD4+TIM4+ colon macrophages in comparison to 

lean chow-fed mice. We also plotted our data as a ratio of TNF to IL-10 expression 

(Figure 6.1.8M-N). These comparisons further illustrated that the intestinal macrophages 

from mice with diet-induced obesity have altered cytokine expression profiles, though 

there are temporal differences in expression. Overall, these data showed that intestinal 

macrophages from mice with HF diet-induced obesity, in comparison to lean chow-fed 

mice, generally had higher basal-level expression of IL-10, and lower expression of TNF, 

though there were temporal and tissue-specific changes between and within diet groups.  

Intestinal eosinophils, neutrophils, and CD4+ T cells 

As macrophages communicate directly and indirectly with other immune cell 

populations in the intestines to maintain homeostasis405, we also examined the prevalence 

of eosinophils, neutrophils, and CD4+ T cells in the ileum and colon (Figure 6.1.9).  

Figure 6.1.8. TNF and IL-10 expression in ileum and colon macrophages of chow and 

HF-fed mice. 
Ileum and colon CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage intracellular expression of TNF 

and IL-10 was assessed by flow cytometry after 6, 12, or 18 weeks of allocation to standard 

control chow (Chow) or 60% high fat (HF) diet. Ileum macrophage intracellular expression of IL-

10 after: (A) 6 weeks, (B) 12 weeks, (C) 18 weeks. Ileum macrophage intracellular expression of 

TNF after: (D) 6 weeks, (E) 12 weeks, (F) 18 weeks. Colon macrophage intracellular expression 

of IL-10 after: (G) 6 weeks, (H) 12 weeks, (I) 18 weeks. Colon macrophage intracellular 

expression of TNF after: (J) 6 weeks, (K) 12 weeks, (L) 18 weeks. The ratio of TNF : IL-10 

expression was compared across experiments by normalizing the geometric mean data from each 

mouse to the mean of the chow mouse group for each macrophage population in each independent 

experiment for (M) ileum macrophages and (N) colon macrophages. Each data point indicates an 

individual mouse. Data in A-L are reported as geometric mean fluorescence intensity. Data are 

from one independent experiment at each time point of n=5-6 mice per group. Data in A-L are 

presented as box and whisker plots, minimum to maximum, where the center line indicates the 

median. Data in M and N are presented with box height at the mean with error bars at ± standard 

deviation. Statistical significance was assessed by Student’s two-tailed t test for each macrophage 

subset at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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In the ileum, the prevalence of eosinophils was decreased in mice on HF diet compared to 

mice on chow diet after 12 weeks (Figure 6.1.9A), while the prevalence of neutrophils 

(Figure 6.1.9B) and CD4+ T cells was decreased at all time points in HF-fed mice 

compared to chow-fed mice (Figure 6.1.9C). In the colon, we observed that HF-fed mice 

likewise had a reduced prevalence of eosinophils in comparison to chow-fed mice after 

12 weeks (Figure 6.1.9E) but not the other time points, and that the prevalence of 

neutrophils (Figure 6.1.9F) was increased in HF-fed mice compared to chow-fed mice 

after 6 weeks, but was not significantly different after 12 or 18 weeks. The prevalence of 

CD4+ T cells in the colon was not affected at any time point (Figure 6.1.9G). Absolute 

cell counts showed the same trends (data not shown). These data demonstrate, as we 

observed for intestinal monocytes and macrophages, that there are dynamically regulated 

changes in intestinal immune cell populations due to diet-induced obesity.  

Figure 6.1.9. Colon and ileum eosinophils, neutrophils, and CD4+ T cells.  
Intestinal immune cell populations were assessed after 6, 12, or 18 weeks of allocated chow 

(Chow) or 60% high fat (HF) diet. Ileum prevalence (as a proportion of total CD45+ leukocytes) 

of: (A) eosinophils, (B) neutrophils, (C) CD4+ T cells. Colon prevalence (as a proportion of total 

CD45+ leukocytes) of: (E) eosinophils, (F) neutrophils, (G) CD4+ T cells. Each data point 

indicates an individual mouse. Data are presented as box and whisker plots, minimum to 

maximum, where the center line indicates the median. Data are pooled from 2-3 independent 

experiments of n=4-5 mice per group. Statistical significance was assessed by Student’s two-tailed 

t test at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

202 
 

6.1.3 Discussion 

Our data showed that female mice with HF diet-induced obesity, in comparison to 

chow-fed lean mice, had decreased small intestine and colon lengths within 6 weeks diet 

allocation. Whole-intestine in vivo permeability was increased after 6 weeks, as well as 

18 weeks, in HF-fed mice compared to chow-fed mice (Figure 6.1.1). Ussing chamber in 

vitro assessments showed that mice with diet-induced obesity, in comparison to lean 

mice, had increased colon active ion transport after 6 and 20 weeks, increased ileum 

paracellular permeability within 6 weeks, increased ileum conductance after 20 weeks, 

and a trend toward increased paracellular permeability in the colon and ileum within 20 

weeks (Figure 6.1.2). HF-fed mice, in comparison to chow-fed mice, had tissue and time-

dependent changes in the prevalence of eosinophil, neutrophil, and CD4+ T cell 

populations (Figure 6.1.9). Intestinal macrophages (total and CD4-TIM4-, CD4+, and 

CD4+TIM4+ populations) had similar proliferation in HF-fed and chow-fed mice, but 

there were obesity-associated changes to their proportional prevalence, numbers, surface 

phenotype, and intracellular production of cytokines IL-10 and TNF, and these changes 

occurred in a tissue-specific and time-dependent manner (Figures 6.1.3 to 6.1.8). 

Therefore, intestinal physiology, permeability, and immune cell populations were altered 

in female mice fed a high fat diet compared to female mice fed a standard chow diet. 

We observed in the ileum tissue in HF-fed female mice, in comparison to chow-

fed mice, that there was a depletion of CD4-TIM4- and CD4+ macrophage numbers within 

6 weeks, and CD4-TIM4- macrophage numbers remained lower even after 18 weeks in 

HF-fed mice in comparison to chow-fed mice. Macrophage proliferation rates remained 

similar between chow and HF-fed mice, but there was a significant reduction in the 
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numbers of Ly6Chigh monocytes in the ileums of HF-fed mice compared to chow-fed 

mice, suggesting that the reduction of CD4-TIM4- macrophages occurred because they 

were not being replenished from monocytes. In addition, ileum CD4+TIM4+ macrophages 

had lower expression of CD64 and TIM4 in HF-fed mice compared to chow-fed mice. 

Both TIM4 and CD64 have been independently implicated in phagocytic activities of 

macrophages674, 675, 676, 677, so decreased expression of either marker could have a 

detrimental impact on phagocytosis, and in particular efferocytosis of apoptotic cells. As 

monocytes mature into macrophages, they reduce their expression of Ly6C and CCR2, 

and increase their expression of MHCII, F4/80, and CD64 (Appendix I). We observed 

that ileum CD4-TIM4- macrophages from HF-fed mice, in comparison to chow-fed mice, 

consistently had lower expression of Ly6C and CCR2, which may also indicate that they 

are not replenished from blood monocytes at the same rate as CD4-TIM4- macrophages in 

chow-fed mice. In the colon, we observed that CD4-TIM4- and CD4+TIM4+ macrophage 

numbers were decreased in HF-fed mice in comparison to chow-fed mice within 6 weeks, 

but CD4+ macrophages remained similar through to 18 weeks. Similar to the ileum, 

proliferation assessed by Ki67 was not different between diet groups at any time point in 

the colon, so the decrease in CD4-TIM4- macrophages was likely due to reduced Ly6Chigh 

monocyte recruitment, as we observed after 6 weeks and 12 weeks in HF-fed mice 

compared to chow-fed mice.  

One of the most interesting findings from these experiments was that all intestinal 

macrophages in HF-fed mice had similar or significantly increased expression of IL-10, 

and similar or decreased expression of TNF, in comparison to macrophages from chow-

fed mice, whereas we had predicted the opposite. Macrophages decrease their surface 
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expression of CD64 after treatment with IL-10678, and we observed that ileal 

macrophages in particular consistently had lower expression of CD64 in HF-fed mice in 

comparison to chow-fed mice, so there may be autocrine effects of the increased IL-10 

production in macrophages of HF-fed mice. The ratio of TNF to IL-10 expression 

remained lower for all macrophage populations at all timepoints (except for CD4+TIM4+ 

macrophages in the ileum after 18 weeks). MHCII was consistently higher on CD4+ and 

CD4+TIM4+ macrophages in the colons and ileums of HF-fed mice compared with chow-

fed mice. MHCII is typically upregulated on macrophages in response to local 

inflammation679, 680. Future studies should directly measure intestinal tissue inflammatory 

cytokine expression and also consider functional assays of macrophage phagocytic 

activities after cell-sorting CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages, to further 

interpret the changes in macrophage surface phenotype that we observed between chow-

fed and HF-fed mice. In addition, further studies with IL-10-deficient (IL10-/-) mice may 

help to disentangle the effects of IL-10 and diet-induced obesity on intestinal 

inflammation, permeability, and macrophage populations. IL10-/- mice spontaneously 

develop chronic intestinal inflammation681. It has also been reported that specific 

knockout of hematopoietic cell-derived IL-10 does not increase adipose or liver tissue 

inflammation or insulin resistance in mice fed a HF diet682, but effects within the 

intestines have not been evaluated. 

By considering several time points in our assessments, we observed that there 

were changes to macrophage population dynamics even in chow-fed mice between 6 and 

18 weeks diet allocation (Figures 6.1.5 and 6.1.6). These changes were not unexpected, as 

under conditions of homeostasis, there is a gradual accumulation of monocyte-derived 
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macrophages post-birth that has been reported to stabilize at ~12 weeks of age in the 

colon and at ~20 weeks of age in the small intestine214. The chow-fed mice were ~11 

weeks of age after 6 weeks diet allocation, and ~23 weeks of age after 18 weeks diet 

allocation. It has been generally proposed that there is a limited space within tissue niches 

for macrophages, so while total macrophage numbers remain similar, the proportion of 

monocyte-derived macrophages gradually increases post-birth until, as mentioned, a 

plateau is reached after ~12-20 weeks, depending on localization within the intestines196, 

211, 252. Our observations are in accord with those data and concepts. Total macrophage 

numbers remained similar across 6, 12, and 18 weeks diet allocation in chow-fed mice. 

We observed that there were changes in the CD4-TIM4-, CD4+, and CD4+TIM4+ 

macrophage populations (as a proportion of total macrophages) between 6 and 12 weeks 

diet allocation (in the colon and ileum), and 12 and 18 weeks diet allocation (particularly 

in the ileum), with a decrease in embryonic origin CD4+TIM4+ macrophages and an 

increase in monocyte-derived CD4-TIM4- macrophages. Macrophage population 

dynamics did not change as much over time in the colons of HF-fed mice compared to 

chow-fed mice (Figure 6.1.6J), remaining similar after 6, 12, and 18 weeks diet 

allocation, whereas CD4+TIM4+ and CD4-TIM4- macrophage dynamics continued to 

change in the ileums of HF-fed mice between 12 and 18 weeks diet allocation (Figure 

6.1.5J). Given these changes in macrophage population composition, and the reduction in 

numbers of macrophages in HF-fed mice compared to chow-fed mice, particularly in the 

ileum, it would be interesting in future experiments to determine if placing mice on a high 

fat diet once intestinal macrophage populations are stabilized (i.e. after 20 weeks of age) 

would have similar effects on monocyte recruitment and macrophage population 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

206 
 

characteristics. Given the post-birth recruitment of macrophages, diet-induced obesity in 

young mice could have more severe long-term effects on intestinal function than in more 

mature mice. 

Overall, our observations on the effects of diet-induced obesity on macrophage 

populations in the ileum and the colon are distinct from previous reports89, 640, 659, 660, 661, 

but likely reflect differences in diet composition and length of feeding prior to 

assessment, macrophage identification methods, and/or biological sex (the previous 

studies used male mice or sex was not specified). Our data are also distinct from reports 

of changes to macrophage populations in other metabolic tissues in the context of diet-

induced obesity, such as increased macrophage accumulation and pro-inflammatory 

cytokine production in adipose tissue50, 51, as well as the pancreas87, liver56, and skeletal 

muscle72, 86. Furthermore, our data suggest that effects of (diet-induced) obesity-

associated chronic inflammation on intestinal monocyte and macrophage populations are 

unique from effects due to inflammatory responses to intestinal infection or genetic or 

chemically-induced colitis. 
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6.2 The role of TNF in diet-induced obesity 

6.2.1 Introduction 

TNF is constitutively produced within the intestines at low levels by enterocytes 

within the intestinal epithelium, stromal cells, and by macrophages and other immune 

cells683, 684, and has roles in homeostatic maintenance and repair of the intestinal epithelial 

barrier656, 672, 684, 685, 686, and immune function673, 687. However, elevated levels of TNF are 

well-documented in intestinal parasitic and bacterial infections in humans and mice433, 475, 

477, 686, inflammatory bowel disease in humans688, 689, and genetic (e.g. IL10-/-, 

Casp8ΔIEC) and chemically-induced (e.g. DSS, TNBS) mouse models of intestinal sterile 

inflammation435, 665, 690, 691, 692.  

As described in Chapter 1, monocytes that infiltrate into the intestinal mucosa in 

response to inflammation, and monocyte-derived macrophages, are potent sources of 

TNF433, 686, 692. In vitro studies have shown that TNF secreted by human macrophage-like 

THP-1 cells can induce intestinal epithelial cell apoptosis and necrosis491. Excess TNF 

can disrupt the intestinal epithelial barrier by inducing immune cell activation489, 673, 686, 

687, increasing epithelial cell turnover and cell death686, 692, 693, downregulating mucus 

production694, 695, and disrupting tight junction proteins492, 656. Accordingly, mice with 

chronic overproduction of TNF (TNFΔARE/+ mice) spontaneously develop colitis in the 

small intestine696. While our experiments in section 6.1 showed that intestinal 

macrophages do not increase their expression of TNF in HF-fed mice compared to chow-

fed mice, and that monocyte infiltration into intestinal tissues is not increased, it is 

generally reported that whole-tissue inflammation and gene expression of TNF are 

increased in the small intestine and colon of mice with diet-induced obesity364, 639, 643, 645.  
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The Bowdish lab has previously demonstrated, using TNF-/- mice and anti-TNF 

treatment, that reduction of TNF protects old mice from age-associated chronic 

inflammation, intestinal permeability, microbial dysbiosis, and peripheral monocytosis336, 

337, 511. In section 6.1, we documented that WT mice with diet-induced obesity have 

increased intestinal permeability and altered intestinal macrophage populations in the 

ileum and colon. As TNF has been identified as an important pro-inflammatory cytokine 

in the pathophysiology of chronic inflammation in obesity25, and inflammatory disorders 

of the intestines, as described above, we hypothesized that TNF-/- mice fed a HF diet 

would be protected from increased intestinal permeability and changes to intestinal 

macrophages that accompany HF diet-induced obesity in WT mice.  

 

6.2.2 Results 

Intestinal physiology and permeability 

Littermate TNF-/- and TNF+/+ wildtype female mice were placed on a high fat diet 

(60% kcal from fat) at 8 weeks of age after baseline measurements, as described in 

Chapter 5 (Section 5.1). To determine if TNF-/- mice were protected from intestinal 

permeability associated with diet-induced obesity, mice were gavaged with FITC-dextran 

after diet allocation for 12 weeks (Figure 6.2.1A) or 28 weeks (Figure 6.2.1B), and 

plasma fluorescence was measured up to 4 hours post-gavage. There were no significant 

differences by genotype in plasma fluorescence at any assessed time point, nor by 

calculated area under the curve, suggesting that HF-fed TNF-/- mice have similar 

intestinal permeability as HF-fed WT mice. At endpoint, we measured intestinal tissue 

lengths and compared them to intestine lengths of 8 week old TNF-/- and WT chow-fed 
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mice (i.e. equivalent to baseline, prior to diet allocation of HF-fed mice). We observed 

that there were main effects of diet feeding time, as well as genotype, on small intestine 

length (Figure 6.2.1C), which decreased in HF-fed WT mice (mean ± SD, 30 weeks: 32.1 

± 1.5 cm) in comparison to baseline chow-fed WT mice (baseline: 36.3 ± 0.3 cm), and in 

HF-fed TNF-/- mice (30 weeks: 33.1 ± 1.4 cm) in comparison to baseline chow-fed TNF-/- 

mice (baseline: 37.9  ± 2.2 cm), though post-hoc tests were not significant between 

genotypes. There was no significant effect of genotype on colon length, though there was 

a trend toward a decrease in length over time (Figure 6.2.1D). Therefore, both TNF-/- and 

WT mice fed a HF diet had similar intestinal permeability up to 28 weeks after diet 

allocation and reductions in intestinal tissue lengths up to 30 weeks of HF diet allocation. 

 

Figure 6.2.1.  Intestine lengths and permeability in littermate WT and TNF-/- mice.  
Littermate wildtype (WT) and TNF-/- (KO) mice were assessed at 8 weeks of age prior to diet 

allocation (wk0) and after allocation to 60% high fat diet. In vivo FITC-dextran intestinal 

permeability assay plasma fluorescence: (A) 12 weeks diet allocation, (B) 28 weeks diet 

allocation. (C) small intestine length. (D) colon length. Data in A and B are presented as mean ± 

standard deviation with area under the curve (AUC) presented with box height at the mean with 

error bars indicating ± standard deviation. Data in C-D are presented with box height at the mean 

and error bars at ± standard deviation. Data are from one independent experiment at each time 

point of n=4-8 mice per genotype. RFU – relative fluorescence units. Statistical significance was 

assessed by two-tailed Student’s t test for A-B and by two-way ANOVA with Tukey’s post-hoc 

test for C-D.  
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Intestinal macrophages – prevalence, absolute cell counts, and surface phenotype 

We assessed Ly6Chigh monocytes, total MHCII+ macrophages, and CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophage populations by flow cytometry in the ileums (Figure 

6.2.2) and colons (Figure 6.2.3) of chow-fed WT and TNF-/- mice at 8 weeks of age, and 

WT and TNF-/- mice after 15 and 30 weeks of HF diet allocation. In ileum tissues there 

were no significant differences by genotype in the prevalence (as a proportion of total 

leukocytes) of Ly6Chigh monocytes (Figure 6.2.2A), or macrophages (Figure 6.2.2B), or 

macrophage cell counts (Figure 6.2.2C). We also assessed the prevalence of CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophages (as a proportion of total macrophages) (Figure 

6.2.2D). As we found that there were significant main effects of genotype and time of diet 

feeding for CD4+ and CD4+TIM4+ populations, we normalized data collected after 15 and 

30 weeks of diet allocation to the mean of the baseline dataset for each macrophage 

population (Figure 6.2.2E). This allowed us to determine that the effects of HF diet on 

ileum macrophage prevalence were similar after 15 weeks in WT and TNF-/- mice, but 

that there was a divergence after 30 weeks, when TNF-/- mice in particular had a higher 

prevalence of ileum CD4-TIM4- and CD4+ macrophages in comparison to WT mice, 

relative to pre-diet baseline. However, absolute cell counts of the macrophage populations 

(Figure 6.2.2G-I) were not significantly different between the WT and TNF-/- mice at 

baseline or at 15 or 30 weeks after HF diet allocation.  

There were no significant differences in colon macrophage numbers (Figure 

6.2.3B), or the prevalence of macrophages (Figure 6.2.3C) between HF-fed TNF-/- and 

WT mice. There was a decrease in Ly6Chigh monocytes within the colons of TNF-/- mice 

compared to WT mice after 15 weeks, but this was not observed at 30 weeks.  
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Figure 6.2.2. Ileum monocytes and macrophages in littermate WT and TNF-/- mice.  
Ileum immune cells were assessed by flow cytometry in wildtype (WT) and TNF-/- (KO) mice at 8 

weeks of age (0wk/Baseline), and after 15 weeks (15wk) or 30 weeks (30wk) of high fat diet 

allocation. Prevalence (as a proportion of CD45+ leukocytes) of: (A) Ly6Chigh monocytes, (B) total 

macrophages. (C) absolute cell count of total macrophages. (D) prevalence of CD4-TIM4-, CD4+, 

and CD4+TIM4+ macrophages. (E) prevalence of CD4-TIM4-, CD4+, and CD4+TIM4+ 

macrophages normalized to the mean of the baseline data to adjust for between-genotype 

differences. (F) Pie graph summaries of mean prevalence of each macrophage population by 

genotype and assessed time point. Absolute cell counts of macrophages: (G) CD4-TIM4-, (H) 

CD4+, (I) CD4+TIM4+. Each data point indicates an individual mouse. Data in A-C and G-I are 

presented as box and whisker plots, minimum to maximum, with the center line at the median. Data 

in D-E are presented with box height at the mean with error bars indicating ± standard deviation. 

Data are from one independent experiment of 4-8 mice per genotype at each time point. Statistical 

significance was assessed by Student’s two-tailed t test between genotypes at each time point for 

A-C, E, and G-I, and by two-way ANOVA with Tukey’s post-hoc test for D. *p<0.05, **p<0.01. 
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Figure 6.2.3. Colon monocytes and macrophages in littermate WT and TNF-/- mice.  
Colon immune cells were assessed by flow cytometry in wildtype (WT) and TNF-/- (KO) mice at 8 

weeks of age (0wk/Baseline), and after 15 weeks (15wk) or 30 weeks (30wk) of high fat diet 

allocation. Prevalence (as a proportion of CD45+ leukocytes) of: (A) Ly6Chigh monocytes, (B) total 

macrophages. (C) absolute cell count of total macrophages. (D) prevalence of CD4-TIM4-, CD4+, 

and CD4+TIM4+ macrophages. (E) prevalence of CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages 

normalized to the mean of the baseline data to adjust for between-genotype differences. (F) Pie 

graph summaries of mean prevalence of each macrophage population by genotype and assessed 

time point. Absolute cell counts of macrophages: (G) CD4-TIM4-, (H) CD4+, (I) CD4+TIM4+. Each 

data point indicates an individual mouse. Data in A-C and G-I are presented as box and whisker 

plots, minimum to maximum, with the center line at the median. Data in D-E are presented with 

box height at the mean with error bars indicating ± standard deviation. Data are from one 

independent experiment of 4-8 mice per genotype at each time point. Statistical significance was 

assessed by Student’s two-tailed t test between genotypes at each time point for A-C, E, and G-I, 

and by two-way ANOVA with Tukey’s post-hoc test for D. *p<0.05, ****p<0.0001. 
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There were main effects of genotype and time on CD4+ and CD4+TIM4+ macrophages in 

the colon (Figure 6.2.3D). Normalizing the 15 and 30 week data to the baseline data 

revealed that there is an increase in the prevalence of colon CD4+ macrophages after 15 

weeks in TNF-/- mice in comparison to WT mice, but no other significant differences 

were observed (Figure 6.2.3E). Absolute cell counts of colon CD4-TIM4-, CD4+ and 

CD4+TIM4+ macrophages were also not significantly different between WT and TNF-/- 

mice at any assessment time point (Figure 6.2.3G-I).  

We also examined the surface expression of monocyte-macrophage markers 

Ly6C, CD11b, CD64, CCR2, F4/80, MHCII, CD4, and TIM4 on the CD4-TIM4-, CD4+, 

and CD4+TIM4+ macrophages in HF-fed WT and TNF-/- mice (ileums - Figure 6.2.4; 

colons - Figure 6.2.5; Appendix I). Colon CD4+TIM4+ macrophages in TNF-/- mice 

compared to WT mice had decreased expression of CD11b after 15 weeks (Figure 

6.2.5B), and decreased expression of CD64 after 30 weeks (Figure 6.2.5K), but there 

were no other statistically significant differences in surface marker expression on colon 

macrophages between WT and TNF-/- mice. There were no significant differences of 

surface marker expression between TNF-/- and WT mouse ileum macrophages after 15 or 

30 weeks of HF diet feeding. 

 

 

 

 

 

 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

214 
 

 

  

Figure 6.2.4. Ileum macrophage surface phenotype in littermate WT and TNF-/- mice. 
Flow cytometry analysis of CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations in the 

ileums of littermate wildtype (WT) and TNF-/- (KO) female mice on 60% high fat diet for 15 weeks 

(A-H) or 30 weeks (I-P). Geometric mean expression of Ly6C (A,I), CD11b (B,J), CD64 (C,K), 

CCR2 (D,L), F4/80 (E,M), MHCII (F,N), CD4 (G,O), and TIM4 (H,P). Data are reported as 

geometric mean fluorescence intensity. Data are from one experiment of n=4-8 at each time point. 

Data are presented as box and whisker plots, minimum to maximum, where the center line 

indicates the median. Statistical significance was assessed by two-tailed Student’s t test between 

genotypes for each macrophage population.  
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Figure 6.2.5. Colon macrophage surface phenotype in littermate WT and TNF-/- mice. 
Flow cytometry analysis of CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations in the 

colons of littermate wildtype (WT) and TNF-/- (KO) female mice on 60% high fat diet for 15 weeks 

(A-H) or 30 weeks (I-P). Geometric mean expression of Ly6C (A,I), CD11b (B,J), CD64 (C,K), 

CCR2 (D,L), F4/80 (E,M), MHCII (F,N), CD4 (G,O), and TIM4 (H,P). Data are reported as 

geometric mean fluorescence intensity. Data are from one experiment of n=4-8 at each time point. 

Data are presented as box and whisker plots, minimum to maximum, where the center line 

indicates the median. Statistical significance was assessed by two-tailed Student’s t test between 

genotypes for each macrophage population. *p<0.05. 
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6.2.3 Discussion 

In these experiments the data from WT mice, comparing effects of HF diet 

feeding to baseline assessments, showed similar trends to our earlier experiments 

comparing WT mice fed HF or chow diet (section 6.1). HF diet feeding induced decreases 

in intestinal length, decreases in cell counts of ileum and colon macrophages, in particular 

CD4+TIM4+ populations, and a relative increase in the prevalence of CD4+ macrophages 

(as a proportion of total macrophages). WT and TNF-/- mice fed HF diet had similar 

effects between genotypes, suggesting that genetic ablation of TNF in female mice is not 

protective against HF diet-induced intestinal permeability, decreases in intestinal length, 

or changes to macrophage population dynamics or surface phenotype. In the ileum, 

macrophages in TNF-/- mice may even have greater changes in response to HF diet 

relative to baseline data, as after 30 weeks we observed a significant increase in CD4-

TIM4- and CD4+ macrophages in the ileum, and an accompanying decrease in the 

prevalence of CD4+TIM4+ macrophages, in TNF-/- mice compared to WT mice, though 

total cell counts were unchanged between genotypes. Therefore, these data may indicate 

that TNF, unlike in intestinal infection or IBD, does not have a major role in regulation of 

intestinal macrophage populations in response to diet-induced obesity. 

These data were unexpected because, as mentioned, previous research suggests 

that TNF contributes to intestinal inflammation in diet-induced obesity364, 639, 643, 645. 

However, multiple studies also suggest that TNF has pleiotropic effects in acute and 

chronic inflammation in the intestines. TNFΔARE/+ mice, which overexpress TNF, 

spontaneously develop IBD-like pathology in the terminal ileum696, 697, and have lower 

body weight and adiposity in comparison to wildtype mice698. In contrast, it has been 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

217 
 

reported that TNF-/- mice are more susceptible to pathology from acute DSS-induced 

colitis, and use of anti-TNF therapy similarly leads to worse tissue damage699, 700. 

However, anti-TNF therapy reduces intestinal inflammation in chronic DSS-induced 

colitis700, and TNF-/- mice are not susceptible to acute or chronic TNBS-induced colitis692, 

699. It has also been reported that anti-TNF treatment reduces pathology from infection 

with Salmonella enterica serovar Typhimurium701, yet increases pathology in Citrobacter 

rodentium or Clostridium difficile infection702, 703. In addition, treatment failure of anti-

TNF therapy is also documented in IBD, with both primary non-response or loss of 

response after initially successful treatment704, which suggests that there may be different 

etiologies of intestinal inflammation that are not TNF-dependent.  

Feeding TnfΔARE/+  mice a palm oil-based high fat diet accelerates intestinal 

inflammation, with worse pathology, reduction of tight junction protein expression and 

increased endotoxin translocation, but the mice do not develop obesity, adipose tissue 

inflammation, or impaired glucose tolerance, in comparison to WT mice646. Future studies 

with TNFΔARE/+ and TNF-/- mice and their WT littermates, and treatment with  

5-aminosalicyclic acid (which as mentioned reduces intestinal permeability and systemic 

soluble inflammation in models of diet-induced obesity)641, may help to disentangle the 

effects, or lack thereof, of TNF and diet-induced obesity on intestinal inflammation, 

permeability, and macrophage population dynamics. Overall, our data indicate that the 

absence of TNF does not prevent changes to intestinal permeability or macrophage 

populations in response to diet-induced obesity in female mice.  
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6.3 Immunological effects of the microbiome 

6.3.1 Introduction 

It is well-established that mice fed an obesogenic diet, such as the primarily lard-

based 60% kcal fat diet that has been used in this chapter, a similar 45% kcal fat diet, 

‘cafeteria’ or ‘Western’ diets, or other high fat content diets, have intestinal microbial 

dysbiosis75, 83, 569, 705. Studies from humans and mice have reported that obesity changes 

bacterial diversity and taxa distribution by 16S rRNA sequencing (e.g. increased 

Firmicutes to Bacteroides ratio, decreased microbial diversity, decreased richness)75, 83, 84, 

401, 402, 706, 707, 708, 709, and alters the metaproteome and metabolome710, 711, 712. As mentioned 

in Chapter 1, there is strong evidence that bacterial products and PRR signalling 

contribute to the development of obesity, chronic systemic inflammation, and metabolic 

dysregulation75, 83, 391, 392, 393, 394, 395, 396, 397, 399, which implies that the intestine and its 

microbiota have an important role in the etiology and progression of obesity.  

Chronic inflammation and metabolic dysfunction in mouse models of diet-induced 

obesity have in particular been associated with the bacterial cell wall component LPS. 

Modulation of the microbiota by antibiotic treatment in mice with diet-induced obesity 

reduces intestinal permeability, circulating LPS, adipose tissue inflammation, and insulin 

resistance (as we also observed in Chapter 4)75, 83, 84, 707, 713. In the previous sections of this 

chapter, we showed that there are effects of HF diet-induced obesity on intestinal 

macrophages and intestinal permeability (section 6.1), and HF-fed TNF-/- and WT mice 

exhibited similar changes (section 6.2). We considered that microbial dysbiosis, rather 

than TNF-mediated effects on obesity-associated inflammation, may be sufficient to alter 

intestinal homeostasis. 
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 A common approach to examine mechanisms of host-microbe interactions, and 

causative effects of intestinal microorganisms in health and disease, is to use gnotobiotic 

mice that completely lack a microbiota (i.e. germ free mice)714, 715. Colonization of germ 

free (GF) mice may be accomplished with use of a complex microbiota, a simplified 

microbiota, or even a single bacterial species. Colonization of a GF mouse with the 

microbiota from non-obese mice on a standard chow diet is sufficient to increase body-fat 

content, insulin resistance, and macrophage accumulation in adipose tissue, in 

comparison to a naïve GF mouse399, 713, 716, 717, 718. Gavage of caecal microbiota from 

ob/ob donor mice (which have increased food consumption and adiposity due to leptin 

deficiency) into adult wildtype GF recipient mice on a standard chow diet resulted in an 

~20% increase in fat mass within two weeks, in comparison to microbiota transfer from a 

wildtype donor mouse705. Intestinal expression of NfκB has also been reported to be 

elevated 2 weeks post-colonization in GF mice colonized with microbiota from donor 

HF-fed but not chow-fed mice390. In addition, the microbiota of humans can also 

influence mouse adiposity. Transplantation of human faecal microbiota into GF mice led 

to increased adiposity in mice that received microbiota from obese donors, but not lean 

donors709. Colonization of GF mice with microbiota of twins discordant for obesity led to 

increased adiposity in mice that received the microbiota from the obese twin717. Transfer 

of obese human donor microbiota into mice, followed by a second mouse-to-mouse 

transfer, also increased recipient mouse weight gain717. These data collectively suggest 

that the presence of a dysbiotic ‘obesogenic’ microbiota, in absence of a HF diet, is 

sufficient to induce intestinal inflammation and impact systemic metabolism. 
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While several studies had suggested that transfer of microbiota from genetically or 

diet-induced obese mice to GF mice can cause elevation of circulating or tissue-localized 

pro-inflammatory cytokines in comparison to microbiota transfer from lean mice390, 392, 

the immunological impact of colonization with microbiota from mice with diet-induced 

obesity had not been studied in detail. Whether the microbiota could transfer local and 

systemic cellular inflammation was unknown. We were specifically interested in 

investigating if the microbiota of HF-fed mice in our diet-induced obesity model was 

sufficient to induce intestinal and peripheral immunological changes described earlier in 

this thesis (section 5.1; section 6.1). We hypothesized that GF mice colonized with the 

microbiota from mice with HF diet-induced obesity, in comparison to microbiota from 

lean chow-fed mice, would have increased adiposity, intestinal permeability, circulating 

pro-inflammatory monocytes, and altered intestinal macrophage prevalence and 

phenotype.  

 

6.3.2 Results 

A minimally invasive approach was used to colonize young female GF mice 8-10 

weeks of age with microbiota from chow-fed and HF-fed donor mice, through 

environmental exposure and coprophagy719, 720, 721. The GF mice were placed in a ‘dirty’ 

cage from SPF donor mice containing bedding and fecal pellets, and the donor cage was 

replaced with a new ‘dirty’ cage bottom from the donor mice on a weekly basis337. We 

transferred microbiota from female donors to female GF mice to avoid effects of 

biological sex on microbial engraftment719, 722. Body weight and food intake were 

measured weekly, and other assessments were performed at baseline and at 6, 12 and/or 
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18 weeks post-microbial exposure. We chose these extended time points based on reports 

that colonization itself can induce an inflammatory response within the intestines that 

requires up to 30 days for resolution723, 724, 725, that structural features of the epithelium 

including the mucus layer require 5-6 weeks to develop724, 726, and that microbial 

engraftment requires up to 9 weeks for stabilization726, 727, 728.  

Physiological measurements and food consumption 

Body weights between the chow and HF microbiota groups were not different 

throughout the experiment (Figure 6.3.1A). Energy intake from food was also 

consistently similar between the microbiota groups (Figure 6.3.1B). Although body 

weight and adiposity increased significantly in both microbiota groups, total weight gain 

(Figure 6.3.1C) and adiposity (Figure 6.3.1D; measured by Echo-MRI) were not 

significantly different between the microbiota groups at 6, 12, or even 18 weeks post-

microbial exposure. Fasting blood glucose after 12 weeks was likewise not different 

between microbiota groups (Figure 6.3.1E), though fasting blood glucose levels were 

significantly lower in the colonized ex-GF recipient mice compared to the donor chow-

fed mice, as well as compared to the donor HF-fed mice. The microbiota groups also had 

similar liver weights at endpoint (Figure 6.3.1F). In summary, recipient mice in the chow 

and HF microbiota groups had similar physiological changes post-colonization, with no 

significant differences in body weight, adiposity, liver weight, food consumption, or 

fasting blood glucose. 
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Intestinal physiology and permeability 

In vivo intestinal permeability was assessed 12 weeks post-microbiota 

colonization. Permeability was similar between the recipient chow and HF microbiota 

groups and chow-fed donor group (Figure 6.3.2A), as was total area under the curve 

(Figure 6.3.2B), but permeability was significantly higher in the HF-fed donor mice 

compared to the chow-fed donor mice and both microbiota recipient groups.  

Figure 6.3.1. Chow and HF microbiota effects on physiological measurements.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. (A) body 

weight measured at export and on a weekly basis thereafter. (B) total weekly food kilocalorie 

consumption. At 6, 12, and/or 18 weeks:  (C) weight gain after colonization, (D) adiposity. (E) 

fasting blood glucose after 12 weeks. (F) liver weight at endpoint. Data in A and B are shown as 

mean ± standard deviation. Each data point in C-F indicates an individual mouse and data are 

presented with box height at the mean with error bars at ± standard deviation. Data in A-D and F 

are pooled from two independent experiments with n=3-4 mice per group. Data in E are from one 

independent experiment of n=4 mice per group. CS-Chow: ex-germ free mice with microbiota from 

chow-fed SPF mice. CS-HF: ex-germ-free mice with microbiota from 60% high fat-fed SPF mice. 

Statistical analyses were performed using Student’s t test between microbiota groups at each time 

point for A-D and F, and by two-way ANOVA for E (pmicrobiota = 0.0013, pRvsD < 0.0001, pint = 
0.0004). **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 6.3.2. Chow and HF microbiota effects on intestinal permeability and physiology.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. (A) in vivo 

FITC-dextran intestinal permeability assay plasma fluorescence and (B) area under the curve of 

recipient and donor mice. (C) caecal weight. (D) small intestine length. In vitro Ussing chamber 

assay of ileum tissue ion short current (E), conductance (F), and paracellular permeability (G). (H) 

colon length. In vitro Ussing chamber assay of colon tissue ion short current (I), conductance (J), 

and paracellular permeability (K). Data in A are shown as mean ± standard deviation. Each data 

point in B-K indicates a single mouse. Data in B-D and H are presented with box height at the 

mean with error bars indicating ± standard deviation. Data in E-G and I-K are presented as box and 

whisker plots, minimum to maximum, with the center line at the median. Data in A-B are from one 

experiment of n=4 mice per group. Data in C to K are pooled from two independent experiments 

of n=3-4 mice per group. CS-Chow: ex-germ free mice with microbiota from chow-fed SPF mice. 

CS-HF: ex-germ-free mice with microbiota from 60% high fat-fed SPF mice. RFU – relative 

fluorescence units. Statistical significance was assessed by two-way ANOVA with Tukey’s post-

hoc test for B (pmicrobiota = 0.0129, pRvsD = 0.0044, pint = 0.0251) and by two-tailed Student’s t test 

for C-K. *p<0.05, **p<0.01. 
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We also examined ileum and colon tissues using in vitro Ussing chambers. There 

were no statistically significant differences in ileum ion short current (Figure 6.3.2E), 

conductance (Figure 6.3.2F), or paracellular permeability (Figure 6.3.2G) between chow 

or HF microbiota recipient mice. Analysis of colon tissue likewise detected no differences 

in those parameters (Figure 6.3.2I-K). Measurements of caecal weight (Figure 6.3.2C), 

the length of the small intestine (Mean ± SD, Chow: 39.1 ± 2.2 cm; HF: 37.3 ± 2.0 cm) 

(Figure 6.3.2D), and colon length (Chow: 8.2 ± 0.6 cm; HF: 8.4 ± 1.0 cm) (Figure 

6.3.2H), were not significantly different between recipient microbiota groups. These data 

indicated that mice that received the chow or HF microbiota had similar intestinal 

physiology (caecal weight and tissue lengths), total intestinal permeability (by FITC-

dextran assay), as well as paracellular permeability (by mucosal-to-serosal flux), active 

ion transport (by ion short-current), and tissue structural integrity (from conductance) in 

ileum and colon tissues.  

Intestinal macrophages 

We characterized macrophages and other immune cell populations in the ileum 

and colon in the recipient chow and HF microbiota mice by flow cytometry. The 

prevalence of Ly6Chigh monocytes, total macrophages, eosinophils, or CD4+ T cells in the 

ileum (Figure 6.3.3A-D) and colon (Figure 6.3.3E-H) were similar between recipient 

microbiota groups. The prevalence of CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages 

was also similar in the ileum (Figure 6.3.3I) and colon (Figure 6.3.3J) of the chow 

microbiota and HF microbiota groups. There were no significant differences in  

CD4-TIM4-, CD4+, or CD4+TIM4+ macrophage surface marker expression of Ly6C, 

CCR2, CD11b, F4/80, MHCII, CD64, CD4, or TIM4, in either the ileum (Figure 6.3.4A-
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H), or colon (Figure 6.3.4I-P), between microbiota groups (Appendix I). These data 

suggested that the chow and HF microbiota had similar effects on intestinal macrophage 

prevalence and phenotype in the recipient mice. We also compared intestinal macrophage 

populations and tissue lengths of the recipient chow and HF microbiota mice to data from 

age-matched naïve GF mice and chow-fed SPF mice (Appendix III). This confirmed that 

intestinal macrophage population dynamics in the recipient mice changed in response to 

colonization, being distinct from naïve GF mice and more similar to SPF mice.  

 

Figure 6.3.3. Chow and HF microbiota effects on prevalence of ileum or colon immune cells.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. Intestinal 

immune cell populations from colon and ileum tissue were assessed by flow cytometry after 12-18 

weeks microbiota colonization. Ileum: (A) Ly6Chigh monocytes, (B) total macrophages, (C) 

eosinophils, (D) CD4+ T cells. Colon: (E) Ly6Chigh monocytes, (F) total macrophages, (G) eosinophils, 

(H) CD4+ T cells. CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations in the ileum (I) and 

colon (J). Data are presented as box and whisker plots, minimum to maximum, where the center line 

indicates the median. Each data point indicates a single mouse. Data are pooled from two independent 

experiments of n=3-4 mice per group. CS-Chow: ex-germ free mice with microbiota from chow-fed 

SPF mice. CS-HF: ex-germ-free mice with microbiota from 60% high fat-fed SPF mice. Statistical 

significance was assessed between microbiota groups by two-tailed Student’s t test. 
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Figure 6.3.4. Chow and HF microbiota effects on ileum and colon macrophage surface 

phenotype. 
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. Flow 

cytometry analysis of CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage populations in the ileum 

(A-H) and colon (I-P). Geometric mean expression of Ly6C (A,I), CCR2 (B,J), CD11b (C,K), 

F4/80 (D,L), MHCII (E,M), CD64 (F,N), CD4 (G,O), and TIM4 (H,P). Data are reported as 

geometric mean fluorescence intensity. Data are presented as box and whisker plots, minimum to 

maximum, where the center line indicates the median. Data are representative of two independent 

experiments of n=3-4 mice per microbiota group. CS-Chow: ex-germ free mice with microbiota 

from chow-fed SPF mice. CS-HF: ex-germ-free mice with microbiota from 60% high fat-fed SPF 

mice. Statistical significance was assessed by two-tailed Student’s t test for each macrophage 

population. 
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Peripheral immunophenotype 

Peripheral immune cells in whole blood were quantified by flow cytometry 

immediately after export of GF mice (i.e. prior to exposure to donor microbiota) and after 

6, 12, and 18 weeks microbial exposure (Figures 6.3.5 and 6.3.6). We initially examined 

the composition and variability of all immune cell populations (i.e. overall 

immunophenotype) between time points and by microbiota type (Figure 6.3.5A; Table 

6.3.1). Immunophenotype composition was not significantly different between microbiota 

recipient groups at baseline, 6, 12, or 18 weeks, though there was a significant change in 

composition in comparison to baseline at 6, 12, and 18 weeks post-colonization 

(PERMANOVA p = 0.001, R2 = 0.51371), indicating that colonization induced changes 

to peripheral immunophenotype. Immunophenotype variability was modestly increased in 

the HF microbiota group at 12 weeks, but not at other time points. There were no 

significant differences at baseline, or after 6, 12, or 18 weeks, between the chow and HF 

recipient microbiota groups, in the prevalence of monocytes, neutrophils, NK cells, B 

cells, total T cells, CD4+ T cells, CD8+ T cells, or the ratio of CD4+ and CD8+ T cells 

(Figure 6.3.5B-I). The ratio of lymphocytes to myeloid cells (Figure 6.3.6A), and absolute 

cell counts of leukocytes, monocytes, neutrophils, NK cells, B cells, total T cells, CD4+ T 

cells, and CD8+ T cells, were not different between recipient groups (Figure 6.3.6B-I). 

        Table 6.3.1. Composition and variability of peripheral immunophenotype 

         at export and after colonization of recipient chow and HF microbiota groups.   

 
Data in Figure 6.3.5 were assessed for changes in composition (PERMANOVA) and variability (PERMDISP) in R. 
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Figure 6.3.5. Peripheral immunophenotype of recipient chow and HF microbiota groups - 

prevalence.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. Peripheral 

blood immunophenotype was assessed by flow cytometry at export and at 6, 12, and/or 18 weeks post-

microbiota exposure. (A) PCA plot of immunophenotype data on PC1 and PC2. Prevalence of: (B) 

total monocytes, (C) neutrophils, (D) NK cells, (E) B cells, (F) T cells, (G) CD4+ T cells, (H) CD8+ T 

cells. (I) ratio of CD4+ to CD8+ T cells. Data are pooled from two independent experiments of n=3-4 

mice per group. Data in A are shown with dots indicating individual mice at each time point. Data in 

B-I are presented with a dot at the mean and error bars at ± standard deviation. CS-Chow: ex-germ 

free mice with microbiota from chow-fed SPF mice. CS-HF: ex-germ-free mice with microbiota from 

60% high fat-fed SPF mice. Data in A were assessed for changes in composition (PERMANOVA) and 

variability (PERMDISP) in R. Statistical significance for B-I was assessed by two-tailed Student’s t 

test at each time point. 
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As Ly6Chigh monocyte characteristics in particular were found to change with HF 

diet-induced obesity in our previous experiments (section 5.1), and as we observed a 

significant shift in total monocyte prevalence and cell counts between baseline and post-

colonization assessments (Figure 6.3.5B; 6.3.6C), we further characterized peripheral 

blood Ly6Chigh monocytes (Figure 6.3.7).  

Figure 6.3.6. Peripheral immunophenotype of recipient chow and HF microbiota groups 

– absolute cell counts.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. Peripheral 

blood immunophenotype was assessed by flow cytometry at export and at 6, 12, and/or 18 weeks 

post-microbiota exposure. (A) ratio of lymphoid to myeloid cells. Absolute counts of: (B) CD45+ 

leukocytes, (C) monocytes, (D) neutrophils, (E) NK cells, (F) B cells, (G) T cells, (H) CD4+ T 

cells, (I) CD8+ T cells. Data are presented with a dot at the mean and error bars at ± standard 

deviation. CS-Chow: ex-germ free mice with microbiota from chow-fed SPF mice. CS-HF: ex-

germ-free mice with microbiota from 60% high fat-fed SPF mice. Data are pooled from two 

independent experiments of n=3-4 mice per group. Statistical significance was assessed by two-

tailed Student’s t test at each time point. 
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Figure 6.3.7. Peripheral blood Ly6Chigh monocyte characteristics in recipient chow and HF 

microbiota groups.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. Peripheral 

blood Ly6Chigh monocytes at export (baseline), 6 weeks, 12 weeks, and/or 18 weeks after microbiota 

exposure were assessed by flow cytometry. Ly6Chigh monocyte prevalence as a proportion of: (A) 

CD45+ leukocytes, (B) monocytes. (C) absolute cell counts of Ly6Chigh monocytes. Ly6Chigh 

monocyte surface expression of: (D) Ly6C, (E) CCR2, (F) CX3CR1, (G) F4/80, (H) CD11b.  

(I) Intracellular production of TNF without LPS stimulation (-LPS) and with LPS stimulation (+LPS) 

after 12 and 18 weeks microbiota exposure. Data in A-C are presented with a dot at the mean and 

error bars at ± standard deviation. Data in D to H are presented as box and whisker plots, minimum 

to maximum, with the center line at the median. Each data point indicates an individual mouse. 

Geometric mean expression of each marker was combined from two independent experiments of 

n=3-4 mice per group by normalizing the data from each mouse to the mean of the chow mouse 

group in each independent experiment. Data in (I) are of one independent experiment at each time 

point of n=4 mice per group. CS-Chow: ex-germ free mice with microbiota from chow-fed SPF 

mice. CS-HF: ex-germ-free mice with microbiota from 60% high fat-fed SPF mice. Statistical 

significance was assessed by two-tailed Student’s t test at each time point. 
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We found no statistically significant differences between microbiota recipient 

groups at any of the assessed time points for peripheral blood Ly6Chigh monocyte 

prevalence (Figure 6.3.7A-B) or absolute cell counts (Figure 6.3.7C). Surface expression 

of Ly6C, CCR2, CX3CR1, F4/80, or CD11b (Figure 6.3.7D-H), was likewise not different 

between microbiota groups. We further considered that the response of Ly6Chigh 

monocytes to a stimulus may be different between the microbiota recipient groups. Using 

flow cytometry, we assessed peripheral blood Ly6Chigh monocyte intracellular production 

of TNF in the absence of and in response to stimulation with LPS (Figure 6.3.7I). While 

there was an increase in TNF production in response to LPS stimulation, there were no 

significant differences in TNF expression between microbiota groups after 12 weeks or 

18 weeks microbial exposure. These data collectively suggested that microbial 

colonization altered peripheral blood immune cell numbers and proportional distributions, 

but there were no significant differences after colonization with microbiota from chow-

fed donor mice compared to colonization with microbiota from HF-fed donor mice. 

Bone marrow myeloid cell progenitors 

The microbiota has been shown to influence bone marrow immune cells via 

microbial metabolites that travel from the gut to the periphery, either directly through the 

bloodstream, or via the lymphatics322, 729, 730. To ascertain whether bone marrow 

progenitors of peripheral monocytes were altered without apparent peripheral or intestinal 

tissue effects, we characterized the prevalence of Ly6Chigh monocytes and precursors in 

femur bone marrow (Figure 6.3.8A-C), as well as proliferation and maturity 

characteristics of progenitors. We found no statistically significant changes in 

proliferation or maturity characteristics of monocyte progenitor CMP (Figure 6.3.8D-E), 
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GMP (Figure 6.3.8F-G), MDP (Figure 6.3.8H-K), or cMoP (Figure 6.3.8L-N) populations 

between the recipient chow or HF microbiota groups. 

  

Figure 6.3.8. Bone marrow myeloid progenitors in chow and HF microbiota groups.  
Young germ free mice were colonized with microbiota from chow-fed or HF-fed mice. Flow 

cytometry was performed at endpoint to assess monocyte bone marrow progenitor prevalence, 

proliferation, and maturity. Prevalence of Ly6Chigh monocytes (A) and MDP (B) and cMoP (C) 

progenitors. Proliferation and maturity: CMP expression of Ki67 (D) and cKit (E); GMP 

expression of Ki67 (F) and cKit (G); MDP expression of Ki67 (H), cKit (I), CD115 (J), and Flt3 

(K). cMoP expression of Ki67 (L), cKit (M), and CD115 (N). Data are presented as box and 

whisker plots, minimum to maximum, where the center line indicates the median. Data are 

representative of two independent experiments at 12-18 weeks post-microbiota exposure and each 

data point indicates a single mouse. Data in D-N are reported as geometric mean fluorescence 

intensity. CS-Chow: ex-germ free mice with microbiota from chow-fed SPF mice. CS-HF: ex-

germ-free mice with microbiota from 60% high fat-fed SPF mice. Statistical significance was 

assessed by two-tailed Student’s t test between microbiota groups. See Figure 1.1 for reference. 
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6.3.3 Discussion 

We used GF mice to conduct a thorough investigation of the immunological 

effects of colonization with the microbiota of lean mice fed a chow diet in comparison to 

colonization with the microbiota of mice with HF diet-induced obesity. Our data showed 

that colonization of GF mice with chow-fed mouse donor microbiota or HF-fed mouse 

donor microbiota induced changes in peripheral and intestinal tissue immune cell 

populations. However, even with weekly re-exposure to the donor microbiota via cage 

bottom transfers, the HF microbiota was insufficient to induce physiological and 

immunological traits that we characterized in our model of HF diet-induced obesity in 

SPF mice. Specifically, we showed that there were no statistically significant differences 

between chow and HF microbiota recipient groups for measures of body weight, 

adiposity, liver weight, fasting blood glucose, energy consumption, intestinal 

permeability, intestine lengths, intestinal immune cell populations, caecal weight, 

peripheral blood immunophenotype, peripheral blood Ly6Chigh monocyte surface 

phenotype and production of TNF in response to LPS, or bone marrow myeloid 

progenitor prevalence and expression of proliferation markers. These data collectively 

imply that the presence of a microbiota, rather than its composition, altered 

immunological and physiological characteristics in the recipient mice. 

While the data from these experiments disproves our initial hypotheses about the 

causative role of the microbiota in obesity, and may seem contrary to more ‘classic’ 

research on microbiota colonization of germ free mice outlined in the introduction, 

evidence from more recent experiments supports our findings and suggests that 

microbiota-diet interactions may explain our results. For example, Rodriguez and 
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colleagues examined interactions of the microbiota, diet, and obesity by transplanting gut 

microbiota from lean or obese human donors into mice with antibiotic-depleted 

microbiota, and then mice were fed one of three diets for 22 weeks: a standard chow diet, 

a high fat high sugar Western diet, or a high fat diet. Despite mice having a distinct 

microbiota according to their microbiota donor, all mice on a specific diet had similar 

final body weight, adiposity, overall weight gain, and glucose tolerance, with distinct 

alterations to their microbiota associated with the allocated diet731. In addition, studies 

have shown that diet-microbiota interactions after colonization of GF or antibiotic-treated 

mice contribute to adiposity and adipose tissue inflammation398, 707, 732, and tissue 

pathology in DSS-elicited colitis733, 734. It has also been reported that distinct microbiota 

can produce similar bacterial metabolites that induce similar effects on body weight and 

glucose tolerance655, 735. These studies collectively suggest that obesity, and 

accompanying metabolic dysfunction and tissue inflammation, are associated with diet-

microbiota interactions that result in the production of specific microbial metabolites and 

common bacterial products like LPS or peptidoglycan, and are not just a consequence of 

the intestinal microbiota and the presence or absence of specific genera or species of 

bacteria (or other microorganisms).  

We did not expect the effects of diet to be sufficiently large to eradicate any 

differences between colonization with chow or HF microbiota in the recipient mice, 

especially with weekly re-exposure from donor mice (though it is unclear how much the 

microbiota of the recipient mice would change with re-exposure to the donor microbiota). 

Analysis of both the intestinal microbiome and metabolite profiles from the donor and 

recipient mice in these experiments may therefore provide more insight into the 
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development of obesity-associated inflammation and its effects on local intestinal and 

peripheral immune cell populations. Future experiments could also examine whether the 

HF diet, specific components of the diet, or an external challenge such as infection, has 

differential effects in chow and HF microbiota recipient mice. 

While we assumed, based on previous unpublished and published data from our 

lab that used a similar colonization methodology337, that the donor microbiome would be 

transferred to the recipient mice, we were not able to confirm this. Fecal pellets and 

caecal contents were collected from recipient and donor mice for 16S rRNA sequencing, 

but at the time of submission of this thesis, the sequencing results were not available. 

However, to our knowledge, this is still the first report of an extended assessment of 

peripheral immunophenotype and intestinal macrophage changes that occur after 

colonization of germ free mice, and this data by itself is of potential interest to the 

scientific community. In summary, while we observed that colonization of germ free mice 

altered peripheral, bone marrow, and intestinal immune cell populations, results were 

similar in mice that received microbiota from chow-fed or HF-fed donors, and this may 

be due to diet-microbiota interactions.  
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6.4 Intestinal macrophages in aging 

6.4.1 Introduction 

Intestinal microbiota-derived immune and metabolic factors may induce local and 

systemic inflammation in aging. Studies have shown that age-associated inflammation, 

similar to obesity-associated inflammation, is linked with microbial dysbiosis and 

increased intestinal permeability in humans736, 737, 738, and in a variety of model organisms 

including Drosophila melanogaster739, Caenorhabditis elegans740, non-human 

primates741, 742, rats743, 744, and mice337, 745, 746. Elevated intestinal permeability with 

increasing biological age is thought to contribute to higher translocation of pro-

inflammatory bacterial products, bacteria themselves, and food antigens, into the lamina 

propria, which can then enter the vasculature and lymphatics, contributing to systemic 

inflammation as well as metabolic dysfunction747. Accordingly, circulating LBP and 

soluble CD14 (co-receptor for TLR4) in humans correlate with poor health outcomes with 

increasing biological age738. Old mice fed a HF diet compared to a chow diet also have 

greater microbial dysbiosis, intestinal permeability, and systemic inflammation748, 749.  

A causal relationship between microbial dysbiosis and ‘inflammaging’ has been 

shown through microbiota colonization experiments in GF mice. The Bowdish lab has 

reported that colon paracellular permeability and circulating pro-inflammatory cytokines 

were elevated in young GF mice colonized with microbiota from old SPF mice, in 

comparison to young GF mice colonized with microbiota from young SPF mice337. It has 

also been reported that young GF mice colonized with microbiota from old mice, in 

comparison to colonization with microbiota from young mice, have increased circulating 

TLR2-stimulating bacterial products, and higher frequencies of Th1 cells in Peyer’s 
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patches and Th2 and Treg populations in the spleen750. These studies suggested that 

transfer of a dysbiotic microbiota is sufficient to promote systemic inflammation, 

intestinal permeability, and changes to tissue immune cell populations. Furthermore, 

treatment of old mice with probiotics has shown success in preventing microbial 

dysbiosis, increased intestinal permeability, systemic inflammation, and/or metabolic 

dysfunction740, 751, 752. It has also been demonstrated that cohousing young and old mice 

for 30-40 days has an ‘immune boosting’ effect on local adaptive immunity in the gut, 

rescuing an age-associated reduction of intestinal germinal centre B cells and T follicular 

helper cells in Peyer’s patches, though there were no functional differences in the 

systemic adaptive immune response to immunization between old mice and cohoused old 

mice753. Similarly, housing old mice for 6 weeks in cages containing used bedding from 

young mice improved intestinal immunosurveillance by increasing IgA production and 

functional maturation and antigen sampling activities of M cells754. The changes in those 

papers were attributed to factors in the young microbiota that were able to ‘rescue’ age-

associated losses in immune function and cell proliferation, but it is unclear if there is a 

similar effect on innate immune cells like monocytes and macrophages.  

As in obesity, monocytes are particularly sensitive to the effects of age-associated 

chronic inflammation. Increased myelopoiesis in aging elevates the prevalence of 

circulating CD16+ intermediate and/or non-classical monocytes in humans755, 756, 757, 758 

and Ly6Chigh monocytes in mice336, 337, which produce more pro-inflammatory cytokines 

in comparison to biologically young monocytes. Chronic exposure of young mice to low 

doses of LPS induces changes in myelopoiesis similar to those observed in old mice759. 

Effects of aging on macrophages include decreased phagocytic and bactericidal 
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activity336, 760, 761, 762, 763, altered TLR expression and activation764, 765, and antigen-

presentation766, 767, as well as an increase in pro-inflammatory cytokine production336, 337, 

764, and dysregulation of tissue repair mechanisms768. Circulating pro-inflammatory 

cytokine levels are decreased in old TNF-/- mice compared to old WT mice336, 337, 769, and 

in old WT mice treated with anti-TNF therapy336 or clodronate liposomes769, compared to 

untreated old WT mice, indicating that monocytes and macrophages are both influenced 

by, and contribute to, age-associated chronic inflammation. Age-associated changes in 

monocyte and macrophage function also affect survival, activation, and proliferation of 

other immune cells, compromising adaptive immunity768. 

Recruitment of monocytes to intestinal tissues to replenish short-lived 

macrophage populations under conditions of homeostasis presumably occurs throughout 

the lifespan of a mouse214, 235, so age-associated changes to peripheral monocytes and 

bone marrow-derived macrophages could influence monocyte-derived intestinal 

macrophage populations. There may also be age-associated changes to tissue-resident 

long-lived intestinal macrophages programmed by both intrinsic factors and extrinsic 

factors, given their sensitivity to microenvironment stimuli from surrounding immune 

cells, the microbiota and microbial products, and structural tissues. For example, aging is 

associated with dysregulation of intestinal blood perfusion and oxygenation, which can 

induce hypoxia770, and HIF-1α (hypoxia inducible factor-1α) has been reported to induce 

pro-inflammatory cytokine expression within intestinal macrophages771, 772. It was 

reported that the number of CD11c+ cells (presumptive macrophages or dendritic cells) 

decreased in Peyer’s patches in old mice compared to young mice754, but it was also 

reported that the number of myeloperoxidase-producing cells (monocytes/neutrophils) 
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was increased in small intestine epithelial crypts of old mice compared to young mice773. 

Microarray analysis of colon and ileum tissue homogenates in young mice (3 months) and 

old mice (19 months) identified age-associated changes in Ingenuity Pathway Analysis 

categories, including ‘recruitment of macrophages’ and ‘activation of 

phagocytes/macrophages’774. However, there had been no direct investigation of effects 

of age on intestinal macrophage populations, nor on the effects of age-associated 

microbial dysbiosis in mediating those changes.  

We aimed to characterize intestinal macrophage populations in the colon, as 

previous data from our lab identified a significant increase in paracellular permeability in 

colon tissue, but not ileum tissue, of old mice337. We predicted, based on the parallels 

between obesity and aging, with observations of chronic low-grade inflammation, 

peripheral monocytosis, microbial dysbiosis, and increased intestinal permeability, that 

intestinal macrophage populations would have similar changes between young and old 

mice as we observed in lean mice and mice with diet-induced obesity in section 6.1.  

 

6.4.2 Results 

Effects of aging on colon macrophages in SPF mice 

We examined colon tissues and colon macrophage populations in young (3-5 

months) and old (18-24 months) female SPF mice. There were no differences in colon 

length between young and old SPF mice (Figure 6.4.1A), though overall tissue weight 

increased (Figure 6.4.1B), likely as older colons were generally observed to have 

increased fecal contents and a distended appearance. We assessed colon macrophages in 

young and old SPF mice by flow cytometry. Total cell counts of macrophages were 
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similar between young and old mice (Figure 6.4.1C). There was a significant increase in 

the prevalence of macrophages (as a proportion of total leukocytes) in old mice compared 

to young mice (Figure 6.4.1D), and there was a significant increase in the prevalence of 

CD4-TIM4- macrophages and a decrease in CD4+TIM4+ macrophages with age (as a 

proportion of total macrophages; Figure 6.4.1E). The number of CD4+TIM4+ 

macrophages was lower in old mice compared to young mice (Figure 6.4.1F).  

 

We next assessed macrophage intracellular cytokine production by flow 

cytometry. From initial assessments of total MHCII+ macrophages, we found that 

production of IL-10 (Figure 6.4.2A) and IL-6 (Figure 6.4.2B) was similar between young 

Figure 6.4.1. Young and old SPF mouse colon physiology and macrophage populations.  
SPF young (3-5 months) and old (18-24 months) mouse colons were processed and stained for 

flow cytometry analysis. (A) colon length. (B) colon weight. (C) absolute cell counts of 

macrophages. (D) prevalence of macrophages (as a proportion of total CD45+ leukocytes).  

CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages: (E) as a proportion of total macrophages, (F) 

absolute cell counts. Data in A-B are presented with box height at the mean with error bars 

indicating ± standard deviation. Data in C-G are presented as box and whisker plots, minimum to 

maximum, where the center line indicates the median. Each data point indicates an individual 

mouse. Data are combined from multiple independent experiments of n=1-4 mice per group: (A) 

Young n=24, Old n=19; (B) Young n=19, Old n=10; (C) and (F) Young n=8, Old n=11; (D) and 

(E) Young n=10, Old n=10. Statistical significance between age groups was assessed by Student’s 

two-tailed t test. *p<0.05, ***p<0.001, ****p<0.0001. 
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and old mice, with or without LPS stimulation, but that production of TNF was increased 

even in the absence of LPS stimulation in old mouse macrophages (Figure 6.4.2C). We 

further assessed intracellular production of IL-10 and TNF in CD4-TIM4-, CD4+, and 

CD4+TIM4+ macrophages in the absence of stimulation. We did not observe differences 

in expression of IL-10 (Figure 6.4.2D), but all macrophage populations in old mice 

compared to young mice had increased expression of TNF (Figure 6.4.2E). We also 

assessed whether proliferation was affected by age (Figure 6.4.2F). Expression of Ki67 

was highest in CD4-TIM4- macrophages, as observed previously (Figure 6.1.7G). 

Proliferation was similar in CD4-TIM4- and CD4+ macrophages in young and old mice, 

but decreased significantly in old mouse CD4+TIM4+ macrophages.  

 

Figure 6.4.2. Young and old SPF mouse colon macrophage intracellular cytokines. 
SPF young (3-5 months) and old (18-24 months) mouse colon tissue was processed and stained for 

flow cytometry analysis. Colon macrophage intracellular production of: (A) IL-10, (B) IL-6, and 

(C) TNF without LPS stimulation (Unstimulated) and with LPS stimulation (Stimulated). CD4-

TIM4-, CD4+, and CD4+TIM4+ macrophage intracellular expression of: (D) IL-10, (E) TNF, and 

(F) Ki67 assessed without stimulation. Data are reported as geometric mean fluorescence intensity. 

Data are presented with box height at the mean with error bars indicating ± standard deviation. 

Each dot indicates an individual mouse. Data in A-C are from a single experiment of n=5 mice per 

group, and data in D-E are from a single experiment of Young n=4 and Old n=8. Statistical 

significance was determined using an unpaired Student’s t-test for each experimental condition in 

A-C and for each macrophage subset in D-F. *p<0.05, **p<0.01, ***p<0.001. 
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In summary, young and old SPF mice had similar colon lengths and total numbers 

of intestinal macrophages, and their macrophages expressed similar intracellular levels of 

IL-10, but old mouse macrophages had higher intracellular production of the pro-

inflammatory cytokine TNF in comparison to young mouse macrophages. In comparison 

to young mice, old mice had an increased prevalence of CD4-TIM4- macrophages (as a 

proportion of total macrophages), whereas there was a decrease in CD4+TIM4+ 

macrophage total cell numbers, relative prevalence, and proliferation. 

Effects of aging on colon macrophages in the absence of the microbiome 

We subsequently considered whether aging itself alters intestinal immune cell 

populations in the absence of the microbiome, by assessing colon macrophage 

populations in female young (3-5 months) and old (18-22 months) germ free mice. GF 

mice had similar colon lengths irrespective of age (Figure 6.4.3A), though caecal weight 

was ~5-fold greater in old mice (Figure 6.4.3B), consistent with previous observations775. 

The absolute numbers of colon macrophages (Figure 6.4.3C), numbers of colon 

macrophages adjusted by tissue length (Figure 6.4.3D), and the prevalence of 

macrophages (Figure 6.4.3E), were also not different between young and old GF mice. 

However, we observed that the prevalence of CD4-TIM4- macrophages was increased and 

the prevalence of CD4+ macrophages was decreased in old GF mice compared to young 

GF mice (Figure 6.4.3F). These data suggest that age, independent of the microbiome, has 

an impact on colon macrophage population dynamics.  
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Cohousing young and old SPF mice – effects on old mouse colon macrophages 

We next considered whether exposure of old mice to a young microbiota can alter 

their colon macrophage population dynamics. Old SPF mice (20-22 months of age) were 

cohoused with young SPF mice (4-7 months of age) for 8-10 weeks, and then we assessed 

colon macrophage populations by flow cytometry (Figure 6.4.4). We compared data from 

non-cohoused young and old SPF mice with data from the old cohoused mice. The total 

prevalence of macrophages in the old cohoused mice remained more similar to old non-

cohoused control mice than young non-cohoused control mice (Figure 6.4.4A). 

Macrophage cell counts were similar in all groups (Figure 6.4.4B). The absolute cell 

Figure 6.4.3. Young and old germ free mouse intestinal physiology and colon 

macrophage prevalence. 
Young (3-5 months) and old (18-24 months) germ free mouse colon macrophages were assessed 

by flow cytometry. (A) colon length. (B) caecal weight. (C) absolute cell counts of total 

macrophages. (D) total macrophage counts normalized by tissue length. (E) prevalence of total 

macrophages (as a proportion of CD45+ leukocytes). (F) prevalence of CD4-TIM4-, CD4+, and 

CD4+TIM4+ macrophages (as a proportion of total macrophages). Each data point indicates an 

individual mouse. Data in A-B are presented with box height at the mean with error bars indicating 

± standard deviation. Data in C-F are presented as box and whisker plots, minimum to maximum, 

with the center line at the median. Data are combined from multiple independent experiments of 

n=1-3 mice per group. Young n=6-16, Old n=5-6. Statistical significance was assessed by 

Student’s two-tailed t test. *p<0.05, **p<0.01, ****p<0.0001. 
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counts of CD4-TIM4- macrophages were decreased in the colons of old cohoused mice, 

like the old non-cohoused controls, in comparison to the young non-cohoused controls 

(Figure 6.4.4C). Assessment of the prevalence of CD4-TIM4-, CD4+, and CD4+TIM4+ 

macrophages (as a proportion of total macrophages) showed that they were more similar 

between old cohoused mice and old non-cohoused control mice (Figure 6.4.4D-F) than 

old cohoused mice and young non-cohoused control mice. These observations showed 

that short-term cohousing with young SPF mice does not affect colon macrophage 

numbers or prevalence in old SPF mice. This implied that the young microbiota cannot 

‘rescue’ age-associated changes to colon macrophage dynamics.  

 

Figure 6.4.4.  Cohousing young and old SPF mice does not alter colon macrophage 

dynamics in old mice. 
Old SPF mice (20-22 months) were cohoused with young SPF mice (4-7 months) for 8-10 weeks 

prior to assessment of colon macrophages by flow cytometry. (A) prevalence of total 

macrophages. (B) absolute cell counts of macrophages. (C) absolute cell counts of CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophages. Prevalence of: (D) CD4-TIM4-, (E) CD4+, (F) CD4+TIM4+ 

macrophages (as a proportion of total macrophages). Data are plotted with young SPF (ySPF) and 

old SPF (oSPF) controls for comparison to old cohoused SPF mice (Cohoused). Each data point 

indicates an individual mouse. Data are presented as box and whisker plots, minimum to 

maximum, where the center line indicates the median. Data for ‘Cohoused’ is from one 

independent experiment of n=7 mice. Data for ‘ySPF’ and ‘oSPF’ are pooled from multiple 

independent experiments of n=1-4 mice per group, with ySPF n=8-14 and oSPF n=11-14. 

Statistical significance for each immune cell population was assessed by one-way ANOVA with 

Tukey’s post-hoc test, and letters indicate statistical similarities or differences.  
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Colonization of young GF mice with young and old microbiota 

To assess effects of age-associated microbial dysbiosis on intestinal macrophage 

populations, we colonized adult middle-aged GF mice (~9-12 months of age) with young 

microbiota (from mice 3-4 months of age), or old microbiota (from mice 19-20 months of 

age), by exposing the GF mice to cage bottoms from the donor mice with weekly cage 

changing. Donor and recipient mice were maintained on the same diet. After colonization, 

mice were aged to ~20-22 months. We predicted that GF mice colonized with the old 

‘dysbiotic’ microbiota would exhibit the age-related changes to intestinal macrophages 

that we identified (Figure 6.4.1), whereas intestinal macrophages from GF mice colonized 

with the young microbiota would more closely resemble those of young SPF mice. 

There was a main effect of microbiota type, i.e. whether mice received ‘young’ or 

‘old’ microbiota, on mouse weight (Figure 6.4.5A), but post-hoc tests were not 

significantly different between microbiota groups at baseline or endpoint. Mice that were 

colonized with the ‘old’ microbiota compared to mice that were colonized with the 

‘young’ microbiota had increased caecal weight (Figure 6.4.5B) and reduced colon length 

(Figure 6.4.5C), though small intestine length was similar (Figure 6.4.5D). There were no 

differences in the prevalence (as a proportion of total leukocytes) or absolute cell counts 

of eosinophils (Figure 6.4.4E and I), CD4+ T cells (Figure 6.4.5F and J), Ly6Chigh 

monocytes (Figure 6.4.5G and K), or total macrophages (Figure 6.4.5H and L), or cell 

counts of those populations normalized to colon length (data not shown) between 

microbiota groups. Furthermore, populations of CD4-TIM4-, CD4+, and CD4+TIM4+ 

macrophages were unaffected by the type of microbiota colonization, whether by 
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prevalence (Figure 6.4.6A-B), cell counts (Figure 6.4.6C), or cell counts normalized to 

colon length (Figure 6.4.6D).  

 

 

  

Figure 6.4.5. Effects of young and old microbiota colonization on intestinal physiology 

and colon immune cell populations. 
Germ free mice 9-12 months of age were colonized with young SPF microbiota (3-4 months; ‘M-

Young’) or old SPF microbiota (19-20 months; ‘M-Old’) and then aged for ~10 months prior to 

assessment of intestinal physiology and immune cell populations by flow cytometry (i.e. at 19-22 

months of age). (A) body weight. (B) caecal weight. (C) colon length. (D) small intestine length. 

Colon immune cell populations were assessed by flow cytometry. Prevalence (as a proportion of 

CD45+ leukocytes) of: (E) eosinophils, (F) CD4+ T cells, (G) Ly6Chigh monocytes, (H) total 

macrophages. Absolute cell counts of: (I) eosinophils, (J) CD4+ T cells, (K) Ly6Chigh monocytes, 

(L) total macrophages. Data in A-D are presented with box height at the mean with error bars 

indicating ± standard deviation. Data in E-L are presented as box and whisker plots, minimum to 

maximum, with the center line at the median. Data are from one independent experiment. Young 

n=6, Old n=8. Statistical significance was assessed in A by two-way ANOVA, and in B-L by two-

tailed Student’s t test. *p<0.05, **p<0.01.  
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Figure 6.4.6. Effects of young and old microbiota colonization on colon macrophages. 
Germ free mice 9-12 months of age were colonized with young SPF microbiota (3-4 months; ‘M-

Young’) or old SPF microbiota (19-20 months; ‘M-Old’) and then aged for ~10 months prior to 

assessment of intestinal macrophages by flow cytometry (i.e. at 19-22 months of age). CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophages as a proportion of: (A) total macrophages, (B) total 

leukocytes. CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages: (C) absolute cell counts, (D) cell 

counts normalized by colon length. Geometric mean surface expression of: (E) Ly6C, (F) CD11b, 

(G) CCR2, (H) F4/80, (I) MHCII, (J) CD64, (K) CD4, (L) TIM4. Each data point indicates an 

individual mouse. Data are presented as box and whisker plots, minimum to maximum, where the 

center line indicates the median. Data are from one independent experiment. M-Young n=6,  

M-Old n=8. Statistical significance was assessed by two-tailed Student’s t test between microbiota 

groups for each macrophage population. 
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Macrophage population dynamics in both microbiota groups were more similar to 

those of old SPF mice than young SPF mice (Appendix IV). CD4-TIM4-, CD4+, and 

CD4+TIM4+ surface expression of monocyte-to-macrophage markers Ly6C, CD11b, 

CCR2, F4/80, MHCII, CD64, CD4 and TIM4 was not different between the microbiota 

groups (Figure 6.4.6E to L). Therefore, colonization of middle-aged GF mice with young 

or old microbiota, followed by aging of the mice to ~20-22 months, had a similar effect 

on intestinal macrophage prevalence, cell numbers, and surface phenotype. 

Age, sex, the microbiome, and colon macrophages 

While conducting our comparisons of colon macrophages in female young and old 

SPF and GF mice, we also assessed macrophages in male mice (Figure 6.4.7). In SPF 

mice, we observed significant effects of biological sex on CD4-TIM4- macrophages 

(slightly higher in males; Figure 6.4.7A) and CD4+ macrophages (slightly lower in males; 

Figure 6.4.7B), though the prevalence of CD4+TIM4+ macrophages was similar (Figure 

6.4.7C). We found that biological age had similar effects in both SPF female and male 

mice (i.e. an increase in the prevalence of CD4-TIM4- macrophages and a decrease in 

CD4+TIM4+ macrophages). In GF mice, like SPF mice, there was a significant effect of 

sex on CD4-TIM4- macrophages (slightly higher in male mice; Figure 6.4.7D), but there 

were no effects of biological sex on CD4+ macrophages (Figure 6.4.7E) or CD4+TIM4+ 

macrophages (Figure 6.4.7F). There was a main effect of age on CD4-TIM4-, CD4+, and 

CD4+TIM4+ macrophage populations in GF mice. While there may be functional 

differences by sex which we did not evaluate, these data indicate that biological sex 

affects macrophage dynamics within the colon, and that there are similar trends of age 

effects in both sexes under conditions of homeostasis in either SPF or GF mice.  
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Figure 6.4.7. Comparison of colon macrophage populations by biological sex and age in 

SPF and GF mice. 

SPF and GF young (3-5 months) and old (18-24 months) female and male mouse colons were 

processed for flow cytometry analysis of tissue macrophages. Prevalence of macrophages in 

SPF mice: (A) CD4-TIM4-, (B) CD4+, and (C) CD4+TIM4+ (as a proportion of total 

macrophages). Prevalence of macrophages in GF mice: (D) CD4-TIM4-, (E) CD4+, and (F) 

CD4+TIM4+ (as a proportion of total macrophages). (G) pie chart summaries of macrophage 

populations in A-F. Data in A-F are presented as box and whisker plots, minimum to 

maximum, where the center line indicates the median. Each data point indicates an individual 

mouse. Data are combined from multiple independent experiments of n=1-4 mice per group. 

(A-C and G) SPF: Female Young n=11; Female Old n=13; Male Young n=21; Male Old n=18. 

(D-F and G) GF: Female Young n=16; Female Old n=6; Male Young n=10; Male Old n=14. 

Statistical significance between age groups in A-F was assessed by two-way ANOVA with 

Tukey’s post-hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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6.4.3 Discussion 

In these experiments, we observed that age influences colon macrophage 

dynamics. There was an increase in the prevalence of macrophages in the colons of old 

SPF mice (as a proportion of total leukocytes), though cell numbers did not change with 

age (Figure 6.4.1). Of particular interest were the CD4+TIM4+ macrophages in old mice, 

which, in comparison to young mice, had decreased prevalence, total cell numbers, and 

proliferation, as well as significantly increased TNF production even in the absence of 

stimulation, though they retained the capacity to produce similar levels of IL-10 (Figures 

6.4.1 and 6.4.2). These data could indicate that the self-renewal capacity of CD4+TIM4+ 

macrophages decreases with age, and that this causes a gradual reduction in CD4+TIM4+ 

macrophage numbers. As long-lived macrophages like the CD4+TIM4+ population are 

often found in association with mucosal endothelial cells, lymphatic vessels, and enteric 

neurons408, the gradual loss of this population, and its more pro-inflammatory phenotype, 

may be related to age-associated changes that disrupt blood vessel and lymphatic 

barriers771, 772, and dysregulate neuronal signalling776 and smooth muscle contraction777. 

As the total macrophage cell counts also did not change with age, it is possible that less 

mature CD4+ and CD4-TIM4- macrophages may take on some of those roles, as it has 

been reported that TIM4+ macrophages in the peritoneal cavity are replaced with 

increasing age by TIM4- macrophages that are functionally indistinguishable232. The 

CD4+ and TIM4-CD4- colon macrophages also had higher intracellular expression of TNF 

in old mice compared to young mice. Similar to our data, it was reported that the 

prevalence of CD45+F4/80+ macrophages in the muscularis region of the small intestine 

was similar in young and old mice, but that the macrophages in old mice lost their anti-
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inflammatory phenotype and increased their pro-inflammatory cytokine production, 

promoting a decrease in neuron proliferation and an increase in neuronal apoptosis778.  

We also observed that age in the absence of the microbiota has an impact on colon 

macrophage populations in both male and female mice. There were changes to  

CD4-TIM4- and CD4+ macrophage dynamics in young and old GF mice, though the 

prevalence of total macrophages and CD4+TIM4+ macrophages remained similar (Figure 

6.4.3). In combination with our observations in section 6.3, these data suggested that both 

chronological age and microbial colonization influence macrophage dynamics in the 

colon. To further explore the effects of the microbiota and aging on colon macrophage 

populations, we cohoused old SPF mice with young SPF mice, and colonized GF mice 

with young or old mouse microbiota. Cohousing young and old SPF mice for 8-10 weeks 

did not change colon macrophage population characteristics in the old SPF mice (Figure 

6.4.4). GF mice that were colonized with young or old microbiota at ~9-12 months of age 

and subsequently aged to ~20-22 months likewise had similar colon macrophage and 

other immune cell population dynamics between recipient microbiota groups (Figures 

6.4.5 and 6.4.6). 16S rRNA sequencing data from the cohousing and colonization 

experiments were unavailable at the time of writing this thesis, so we cannot comment on 

how similar or different the mouse microbiomes were between the experiment groups. 

While macrophage and other intestinal immune cell populations were similar between the 

microbiota groups, the GF mice colonized with young microbiota had a reduced caecal 

weight and increased colon length in comparison to the GF mice colonized with the old 

microbiota. These data could be an indication of reduced fermentation or production of 

SCFAs, in combination with changes in energy absorption, due to differences in 
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microbiota composition664, 779. Irrespective, any differences in the microbial or metabolite 

composition between the ‘young’ and ‘old’ microbiota groups were not sufficient to alter 

immune cell composition in the colon.  

As previously discussed, colonization itself, rather than microbiota composition, 

could be the defining factor dictating macrophage population composition in recipient 

mice. However, as mentioned, it was reported that exposure of old SPF mice to a young 

microbiota was sufficient to improve aspects of intestinal adaptive immunity753, 754, and 

elevated Th1 cells in Peyer’s patches have been reported in GF mice colonized with old 

microbiota in comparison to GF mice colonized with young microbiota750. It seems 

unlikely that innate immune cells like macrophages would be unaffected by changes to 

the composition of the intestinal microbiota. As mentioned, we have previously shown 

that there is an increase in colon paracellular permeability in old mice compared to young 

mice337, but even if the intestinal epithelial barrier is maintained, intestinal macrophages 

can be exposed to luminal antigens directly via extension of transepithelial dendrites242, 

431, 443, 444 or indirectly via M cell or goblet cell antigen transport365, 366, 367, 368, and 

macrophages also communicate with surrounding epithelial and immune cells405, 407. 

Another interpretation of these data is that biological age also impacts the 

intestinal epithelium, chronic inflammation, and intestinal immune cell populations, in 

addition to microbiota composition. Previous work from the Bowdish lab has shown that 

old GF mice colonized with young microbiota had more similar colon paracellular 

permeability and peripheral circulating TNF levels to young GF mice colonized with old 

microbiota, as opposed to young GF mice colonized with young microbiota337, suggesting 

that biological tissue age influenced effects of the microbiota on intestinal permeability 
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and circulating soluble inflammation and vice versa. Interestingly, when Fransen and 

colleagues investigated short-term temporal changes to the microbiome after transfer of 

young and old microbiota to young GF mice, they found that within 4 weeks the young 

recipient colonized mice that received the old microbiota had a more similar microbiome 

to young mice that received the young donor microbiota, compared to the microbiome of 

their donor old mice750. These observations suggest that there may be age-specific 

adaptations of the microbiota after initial colonization of GF mice.  

As we chose to age our GF mice for ~10 months after colonization with the donor 

microbiota, natural physiological changes that occur to the intestines with age, and the 

accompanying age-associated changes to tissue microenvironment cells and secreted 

cytokines, chemokines and growth factors, may have confounded effects of colonization 

with ‘young’ or ‘old’ microbiota on intestinal immune cells. Previous work from the 

Bowdish lab with age-discordant bone marrow chimeras has shown that changes to 

peripheral blood Ly6Chigh monocyte prevalence and phenotype, and bone marrow-derived 

macrophage phagocytic and bactericidal activities, were largely dependent on the host 

microenvironment780. Another recent chimera study similarly reported that both 

biological age and external ‘inflammaging’ factors influence small intestine muscularis 

macrophage phenotype778. We observed that there are age-related changes to CD4-TIM4- 

and CD4+ macrophage dynamics in the absence of the microbiota (i.e. in GF mice), so 

age-intrinsic features of macrophages, even independent of the microbiota, and/or factors 

in the surrounding aging tissue microenvironment, could have led to similar changes to 

macrophage populations in both recipient groups. It is possible that there may have been 

differences in intestinal immune cells in our ‘old’ and ‘young’ microbiota groups if the 
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recipient mice were assessed at an earlier point after initial colonization, before 

physiological changes from aging, or influences of aging on the microbiota, may have 

become more important in dictating immune cell composition than the initial donor 

microbiota. Accordingly, a recent short-term study (4 weeks) of GF mice colonized with 

young or old microbiota reported that GF mice colonized with the old microbiota had 

alterations to intestinal macrophage phenotype and intestinal transit781. As the intestinal 

microbiota influences both peripheral322, 729, 730 and tissue-localized immune cell 

populations372, 405, assessment of peripheral soluble and cellular inflammation in our mice 

could provide more insight into whether the young and old recipient mouse groups have 

similar characteristics of chronic age-associated inflammation, such as elevated peripheral 

blood levels of TNF and Ly6Chigh monocytes.  

In summary, our data suggest that endogenous stimulatory signals (e.g. ‘self’ 

signals from cellular senescence or genetic programming), and exogenous ‘non-self’ 

stimulatory signals influenced by factors in the external environment (e.g. senescent 

mesenchymal cells, changes to secreted cytokines, chemokines or growth factors, or 

microbial dysbiosis), may contribute to age-associated changes to colon macrophages. 
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6.5 Intestinal macrophages in lactation with excess weight gain 

6.5.1 Introduction 

During pregnancy, changes to intestinal structure in humans, ruminants, and 

rodents are necessary to augment nutrient absorption capacity to ensure adequate energy 

is extracted for maternal and fetal requirements. These adaptations involve increases in 

intestinal length122, 782, 783, weight122, and villus height784, 785, 786, increased expression of 

nutrient transporters122, 782, 785, 786, 787, 788, 789, and expansion of vascular networks790, 791. 

These physiological changes may contribute to increased intestinal permeability in late 

pregnancy179, 792. Pregnancy also changes the intestinal microbiome across gestation in 

humans793, 794 and mice178, 179, 180, 590. Late in gestation (E18.5), Elderman and colleagues 

identified in the proximal colon 789 differentially expressed genes between non-pregnant 

and pregnant mice, including pathways corresponding to immune development, 

signalling, and function, which correlated to changes in the microbiome590. However, 

whether the microbiota has a direct role in mediating maternal immune adaptations within 

the intestines is currently unknown. 

Many of the physiological and anatomical changes that occur during pregnancy 

are also required for the energetically costly process of lactation. During lactation, the 

gut, liver, and mammary glands have high nutrient exposure, while the rest of the body 

experiences a state of chronic undernutrition795. Extensive remodelling of the intestines as 

described above is required to ensure adequate nutrition and energy absorption to support 

maternal and offspring requirements. In small rodents like mice, changes to the intestinal 

tract vary according to litter size, presumably to maximize energy extraction for maternal 
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and fetal needs while balancing the energetic requirements of intestinal tissue 

maintenance122.  

Studies in humans and animal models have suggested that pregnancy and 

lactation-related intestinal adaptations and increases in body weight are retained for a 

significant period of time post-weaning. In mice, lactation-enhanced transport capacity of 

nutrients like glucose and proline was retained up to 70 days after birth, small intestine 

villus height remained higher for up to 200 days, and length and weight of the small 

intestine, as well as body weight, was maintained up to 300 days785. Considering that a 

typical laboratory mouse can live for ~2 years, that represents almost a third of its 

lifespan. Epidemiological evidence suggests that body composition changes that occur 

during pregnancy in humans are often retained in the postpartum period, and a higher 

BMI pre-pregnancy, or post-pregnancy due to excess gestational weight gain, increases a 

woman’s risk of being overweight or obese later in life158, 596, 597, 598, 599. 

Recent publications using mouse models have reported that diet-induced obesity, 

which is often associated with excess weight gain during pregnancy, alters maternal 

intestinal adaptations in pregnancy. Diet-induced obesity changes the composition of the 

microbiota across pregnancy, reducing SCFA-producing bacteria in particular, and alters 

mRNA expression of genes associated with nutrient transport, intestinal inflammation, 

and epithelial barrier integrity178, 179, 180, 796.  

As previously described, intestinal macrophages have a multitude of roles in 

supporting intestinal functions, including tissue remodelling, epithelial cell growth, 

neuronal networks, and immune protection and tolerance405, 406, 407, so they likely 

participate in and support the intestinal adaptations that occur during pregnancy and 
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lactation. As shown in Chapter 5 (section 5.2.4), excess weight gain during pregnancy 

alters maternal peripheral blood immunophenotype adaptations during lactation. We 

considered whether diet-induced excess gestational weight gain would influence maternal 

intestinal adaptations during lactation, and the role of the microbiota in mediating those 

changes. 

 

6.5.3 Results 

To induce excess gestational weight gain, as described in Chapter 5 (section 

5.2.4), female mice were placed on a high fat diet (45% kcal from fat) for two weeks prior 

to mating and were maintained on that diet during pregnancy and lactation. This short 

term exposure resulted in ~20% greater weight gain in HF-fed mice, compared to 

standard chow-fed mice, from E0.5 through to P21 (Figure 5.2.4). 

Intestinal physiology and permeability 

At P21, we measured lengths of the small intestine (Figure 6.5.1A) and colon 

(Figure 6.5.1B). Small intestines were longer in chow-fed dams compared to HF-fed 

dams (mean ± SD, Chow: 41.13 ± 2.98 cm; HF: 37.78 ± 3.25 cm), as were colon lengths 

(Chow: 8.30 ± 0.65 cm; HF: 7.10 ± 0.53 cm). Caecal weight was ~3-fold lower in HF-fed 

dams compared to chow-fed dams (Figure 6.5.1C). Mesenteric fat weight was increased 

in the HF-fed dams compared to the chow-fed dams (Figure 6.5.1D). We also found that 

HF-fed dams had a modest increase in intestinal permeability (Figure 6.5.1E). These data 

identified that HF-fed dams, compared to chow-fed dams, had excess gestational weight 

gain, reduced colon and small intestine lengths, reduced caecal weight, and increased 

mesenteric fat weight and intestinal permeability, at P21 during lactation. 
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Intestinal eosinophils, neutrophils, and CD4+ T cells 

We assessed intestinal immune cell populations in the ileum and colon by flow 

cytometry. In the ileum there was a trend toward a decrease in the prevalence of 

eosinophils in HF-fed dams compared to chow-fed dams (Figure 6.5.2A), though 

neutrophil prevalence was similar between chow and HF-fed dams (Figure 6.5.2B). CD4+ 

T cell prevalence was significantly reduced in the ileums of HF-fed dams compared to 

chow-fed dams (Figure 6.5.2C). HF-fed dam colons had a reduction in the prevalence of 

eosinophils (Figure 6.5.2G), but no differences to neutrophils (Figure 6.5.2H) or CD4+ T 

cells (Figure 6.5.2I), in comparison to chow-fed dams. Total cell counts were not 

different between diet groups for these immune cell populations in either the ileum 

Figure 6.5.1. Maternal intestinal physiological measurements and permeability. 
Maternal physiological parameters were measured during lactation at P21. (A) small intestine 

length. (B) colon length. (C) caecal weight. (D) mesenteric fat weight. (E) in vivo FITC-dextran 

assay fluorescence in plasma post-gavage. Data in A-D and AUC are presented with box height at 

the mean with error bars indicating ± standard deviation. Data in E are shown as mean ± standard 

deviation. Each data point in A-D indicates an individual mouse. For A-D, CON n=12 and HF 

n=19. For E, CON n=3 and HF n=11. Statistical significance was assessed by Student’s t test. 

CON – standard chow diet, HF – 45% high fat diet. *p<0.05, **p<0.01, ****p<0.0001. 
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(Figure 6.5.2D-F) or the colon (Figure 6.5.2J-L). As small intestine and colon lengths 

were decreased in HF-fed dams, we also assessed immune cell numbers by tissue length, 

but there were no significant differences between diet groups (data not shown). 

 

Figure 6.5.2. Maternal ileum and colon eosinophils, neutrophils, and CD4+ T cells. 
Flow cytometry analysis of maternal intestinal immune cell populations in the ileum (A-F) and 

colon (G-L) during lactation at P21. Ileum prevalence of: (A) eosinophils, (B) neutrophils, (C) 

CD4+ T cells. Ileum absolute cell counts of: (D) eosinophils, (E) neutrophils, (F) CD4+ T cells. 

Colon prevalence of: (G) eosinophils, (H) neutrophils, (I) CD4+ T cells. Colon absolute cell counts 

of: (J) eosinophils, (K) neutrophils, (L) CD4+ T cells. Each data point indicates an individual 

mouse. Data are presented as box and whisker plots, minimum to maximum, where the center line 

indicates the median. CON n=9, HF n=8. Statistical significance was assessed by two-tailed 

Student’s t test. CON – standard chow diet, HF – 45% high fat diet. *p<0.05. 
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Intestinal monocytes and macrophages –prevalence, cell counts, and surface phenotype 

Monocyte and macrophage populations in the ileum and colon were assessed by 

flow cytometry. In comparison to chow-fed dams, Ly6Chigh monocyte prevalence in the 

ileums of the HF-fed dams was decreased (Figure 6.5.3A), though cell counts were 

similar (Figure 6.5.3C). There were no changes to Ly6Chigh monocyte prevalence or cell 

counts in the colons between diet groups (Figure 6.5.3E and 6.5.3G). Total macrophage 

prevalence and absolute counts in the ileums (Figure 6.5.3B and 6.5.3D) and colons 

(Figure 6.5.3F and 6.5.3H) were likewise not different between chow and HF-fed dams.  

 

 

Figure 6.5.3. Maternal ileum and colon Ly6Chigh monocytes and total macrophages. 
Flow cytometry analysis of maternal intestinal immune cell populations in the ileum (A-D) and 

colon (E-G) during lactation at P21. Ileum prevalence (as a proportion of CD45+ leukocytes) of: 

(A) Ly6Chigh monocytes, (B) total macrophages. Ileum absolute cell counts of: (C) Ly6Chigh 

monocytes, (D) total macrophages. Colon prevalence (as a proportion of CD45+ leukocytes) of: (E) 

Ly6Chigh monocytes, (F) total macrophages. Colon absolute cell counts of: (G) Ly6Chigh 

monocytes, (H) total macrophages. Each data point indicates an individual mouse. Data are 

presented as box and whisker plots, minimum to maximum, where the center line indicates the 

median. CON n=9, HF n=8. Statistical significance was assessed by two-tailed Student’s t test. 

CON – standard chow diet, HF – 45% high fat diet. *p<0.05. 
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We next examined CD4-TIM4-, CD4+ and CD4+TIM4+ macrophages. The 

prevalence of CD4-TIM4- macrophages in the ileums was significantly reduced in HF-fed 

dams compared to chow-fed dams, while the prevalence of CD4+ and CD4+TIM4+ 

populations increased (Figure 6.5.4A-B). Ileum CD4+ macrophage cell counts (Figure 

6.5.4C), and counts normalized to tissue length (Figure 6.5.4D), were likewise increased 

in HF-fed dams compared to chow-fed dams. In the colons of HF-fed dams, there was a 

significant increase in the proportion of CD4+ macrophages and a corresponding decrease 

in CD4+TIM4+ macrophages, with a trend toward a decrease in CD4-TIM4- macrophages 

compared to chow-fed dams (Figure 6.5.4E-F). There were no differences in cell counts 

in the colon (Figure 6.5.4G), but there was a significant increase in CD4+ macrophage 

cell counts by tissue length in HF-fed dams compared to chow-fed dams (Figure 6.5.4H).  

We also assessed macrophage surface phenotype (Table 6.5.1; Appendix I). 

Compared to chow-fed dams, expression of CD64 and CD11b was lower on CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophage populations in HF-fed dams in the ileum, and TIM4 

was also decreased on CD4+TIM4+ macrophages in HF-fed dams. In HF-fed dams 

compared to chow-fed dams, Ly6C expression remained higher and MHCII was lower on 

CD4-TIM4- macrophages in the ileum, while CCR2 was higher on CD4+ and CD4+TIM4+ 

macrophages. Colon macrophages of HF-fed dams, compared to chow-fed dams, had 

higher expression of Ly6C and F4/80, and the CD4+ and CD4+TIM4+ macrophages had 

higher expression of CCR2, as well as CD4, though there were no differences in MHCII 

expression. Overall, these data indicated that there were changes to intestinal monocyte 

and macrophage dynamics and surface phenotype, with tissue-specific effects, between 

dams with HF diet-induced excess weight gain and chow-fed dams in lactation at P21. 
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Figure 6.5.4. Maternal ileum and colon macrophage prevalence and cell counts. 
Flow cytometry analysis of maternal CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages in the 

ileum (A-D) and colon (E-H) during lactation at P21. Ileum CD4-TIM4-, CD4+, and CD4+TIM4+ 

macrophages: (A) prevalence (as % of total macrophages), (B) summary pie graphs of mean 

prevalence, (C) absolute cell counts, (D) absolute cell counts by tissue length. Colon CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophages: (E) prevalence (as % of total macrophages), (F) summary 

pie graphs of mean prevalence, (G) absolute cell counts, (H) absolute cell counts by tissue length. 

Each data point indicates an individual mouse. Data in A, C-E and G-H are presented as box and 

whisker plots, minimum to maximum, where the center line indicates the median. Data in B and F 

show mean values from A and E, respectively. CON n=9, HF n=8. Statistical significance was 

assessed by two-tailed Student’s t test for each macrophage population. CON – standard chow 

diet, HF – 45% high fat diet. *p<0.05, ****p<0.0001. 
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Table 6.5.1. Summary of intestinal macrophage surface expression changes  

between HF-fed and chow-fed dams at P21. 

 
Data show changes in geometric mean surface expression between HF-fed and chow-fed dams. 

(e.g. Ileum CD4-TIM4- macrophages from HF-fed dams had higher expression of Ly6C compared to ileum  

CD4-TIM4- macrophages from chow-fed dams.) 

 
 

Intestinal macrophages – effect of the microbiota on maternal adaptations 

We next considered whether the microbiota may have a role in inducing changes 

to intestinal macrophage populations during pregnancy/lactation by examining intestinal 

macrophages in germ free mice. By mid-pregnancy (E14.5), along with an increase in 

body weight (Figure 6.5.5A) and caecal weight (Figure 6.5.5B), there was a 15% increase 

in the length of the small intestine in comparison to GF non-pregnant mice (Figure 

6.5.5C), though colon length was similar (Figure 6.5.5D). These data indicated that at 

mid-pregnancy there are changes to intestinal physiology, even in the absence of the 

microbiota. The prevalence of total macrophages (as a proportion of total leukocytes) was 

similar in the ileum (Figure 6.5.5E) and colon (Figure 6.5.5G) of non-pregnant GF mice 

and GF mice at E14.5. CD4-TIM4-, CD4+, and CD4+TIM4+ macrophage prevalence (as a 

proportion of total macrophages) was also similar between non-pregnant GF mice or GF 

mice at E14.5 in both the ileum (Figure 6.5.5F) and the colon (Figure 6.5.5H). Therefore, 
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in the absence of the microbiota, macrophage population dynamics in the ileum and colon 

remained similar between non-pregnant mice and at mid-gestation (E14.5). 

 

 

Figure 6.5.5. Intestinal physiology and macrophage prevalence in non-pregnant GF mice 

and GF mice at E14.5. 
Intestinal macrophage populations were assessed by flow cytometry from age-matched germ-free 

non-pregnant (NP) and E14.5 pregnant female mice (E14-5). (A) body weight. (B) caecal weight. 

(C) small intestine length. (D) colon length. Ileum: (E) total macrophages as a proportion of 

CD45+ leukocytes, (F) CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages as a proportion of total 

macrophages. Colon: (G) total macrophages as a proportion of CD45+ leukocytes, (H) CD4-TIM4-, 

CD4+, and CD4+TIM4+ macrophages as a proportion of total macrophages. Each data point 

indicates an individual mouse. Data in A-D are presented with box height at the mean with error 

bars indicating ± standard deviation. Data in E-H are presented as box and whisker plots, 

minimum to maximum, where the center line indicates the median. Data are from multiple 

independent experiments of n=1-3 per group. NP n=7-16; E14-5 n=4-5. Statistical significance 

was assessed by two-tailed Student’s t test for between-group comparisons, and for each 

macrophage population. *p<0.05, **p<0.01. 
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6.5.4 Discussion 

Our data showed that HF-fed dams with excess gestational weight gain, in 

comparison to chow-fed dams, had modestly increased intestinal permeability, reduced 

small intestine and colon tissue lengths, and altered intestinal macrophage prevalence and 

surface phenotype, in a tissue-specific manner at P21 during lactation. To our knowledge, 

this is the first report on intestinal immune cells during lactation in mice. To provide 

further context for our observations, we compared the intestinal data from the chow-fed 

dams in lactation to age matched non-pregnant female mice on the same standard chow 

diet (Appendix V). During lactation, the intra-macrophage prevalence of CD4+ 

macrophages was significantly decreased, and CD4+TIM4+ prevalence was significantly 

increased, in both the ileum (Appendix V-D) and colon (Appendix V-J). In the ileum, 

these changes appeared to be due to increases in numbers of CD4-TIM4- and especially 

CD4+TIM4+ macrophages (Appendix V-E and V-F), while CD4+TIM4+ macrophages 

numbers were increased in the colon (Appendix V-K and V-L). As CD4-TIM4- 

macrophages are newly derived from monocytes, these comparisons imply that there may 

be increased recruitment of monocytes into ileum tissue during lactation, while the long-

lived CD4+TIM4+ population, which is found deeper within the gut wall, may self-

proliferate, to support restructuring of vascular, lymphatic, and neuronal networks783, 791.  

Our data also showed that excess weight gain from a HF diet has distinct tissue-

specific effects on maternal intestinal adaptations, which are different from effects of 

diet-induced obesity in non-pregnant mice. In particular there was an increase in cell 

numbers of CD4+ macrophages (normalized to intestinal length) in both the ileums and 

the colons of HF-fed dams compared to chow-fed dams, and CD4+ macrophages in HF-
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fed dams compared to chow-fed dams also had higher surface expression of CD4. It has 

been proposed that CD4-TIM4- macrophages may mature into CD4+ macrophages252, so 

the decreased prevalence of Ly6Chigh monocytes (within the ileum) and CD4-TIM4- 

macrophages (in the ileum and colon), and increased prevalence and numbers of CD4+ 

macrophages in the ileum and colon tissues of HF-fed dams, could indicate less monocyte 

recruitment (as observed in the ileum) and more maturation from CD4-TIM4- to CD4+ 

macrophages. These data could alternatively reflect an increase in local proliferation of 

CD4+ macrophages. Interestingly, it was previously reported in E18.5 dams fed a HF diet 

(60% kcal from fat) prior to and during pregnancy, compared to chow-fed dams, that 

there were significant increases in gene expression of Cd4 and F4/80 in ileum tissues179, 

which may indicate that the increase in ileum CD4+ macrophages that we observed in 

lactation is also apparent earlier in pregnancy in mice with diet-induced obesity. 

We observed significant differences in surface marker expression on intestinal 

macrophages in dams with excess gestational weight gain in comparison to chow-fed 

dams (Table 6.5.1). There were changes in HF-fed mice compared to chow-fed mice 

suggestive of a reduced capacity for efferocytosis (decreased CD64 and TIM4 on 

CD4+TIM4+ ileal macrophages), and especially dysregulation of monocyte-to 

macrophage differentiation, including higher Ly6C and lower CD64 and MHCII 

expression on ileum CD4-TIM4- macrophages, and higher Ly6C and F4/80 expression on 

colon CD4-TIM4- macrophages, as well as changes to macrophage activation, including 

increased CD11b, CD64, CD4 and F4/80 expression on colon CD4+TIM4+ macrophages. 

Future experiments could assess if macrophage cytokine production, proliferation, and 

functions within the intestines, are altered in the dams with excess gestational weight 
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gain, to better understand how cell numbers of CD4+ macrophages increase, and if 

macrophages retain their anti-inflammatory characteristics, as we observed in non-

pregnant mice with diet-induced obesity. Previous studies reported that dams with HF 

diet-induced obesity, compared to chow-fed dams, had decreased colon gene expression 

of mucus barrier protein Muc2 at E14.5178, and tight junction protein zonulin (Zo1) in the 

ileum at E18.5, and increased expression of occludin in the ileum at E18.5179. Further 

studies in lactation should also examine if there are similar changes in expression of tight 

junction or mucus barrier proteins, and the overall structure of the intestines (e.g. villus 

height, crypt depth, numbers of goblet cells), that may contribute to the increase in 

intestinal permeability that we observed in HF-fed dams compared to chow-fed dams. 

We also observed that macrophage population dynamics were not significantly 

different in the small intestines and colons of non-pregnant GF mice and GF mice at 

E14.5. As we observed significant changes in intestinal macrophage dynamics between 

non-pregnant SPF mice and SPF mice in lactation (Appendix V), these data may indicate 

that the microbiota has a role in mediating those changes. It is certainly possible that the 

change in macrophage dynamics only occurs later in pregnancy or during lactation itself, 

independent of the microbiota, but those are considerations for future experiments.  

Overall, these data provide support for further research into maternal intestinal 

immunological adaptations during pregnancy and lactation, as we showed that there are 

distinct changes to immune cells in lactation, which are altered by excess gestational 

weight gain, and our data suggested that the microbiome may have a role in mediating 

those adaptations.  
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Appendix I. 

 

Monocyte and macrophage progression of surface marker expression. 

(A) Monocyte to macrophage transition in the intestines. (B) Intestinal macrophage 

populations (CD4-TIM4-, CD4+, CD4+TIM4+). (C) Representative images of intestinal 

Ly6C+ monocyte and CD64+MHCII+ macrophage surface expression of monocyte-

macrophage maturity markers: Ly6C, CCR2, CD11b, MHCII, F4/80 and CD64.  
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Appendix I. 

Macrophage Surface Markers 

Note that the associated functions of most of these markers have not been studied 

specifically in the context of intestinal monocyte recruitment or intestinal macrophages.  

 

 

Ly6C refers to two separate genes (Ly6C1 and Ly6C2), but they are highly similar and 

cannot be distinguished by currently available antibodies, so they are referred to 

collectively as Ly6C797. Ly6C is expressed by monocytes, neutrophils, dendritic cells, 

subsets of CD4+ and CD8+ T cells, NK cells, and plasma cells797, 798. Ly6C is implicated 

in signal transduction in the inflammatory response leading to production of pro-

inflammatory cytokines, as well as regulation of uptake of apoptotic cells by 

macrophages797, 798. It is often used to identify monocyte subsets in mice. Under 

conditions of homeostasis, elevated expression of Ly6C on monocytes is regarded as a 

marker of immaturity as Ly6Chigh monocytes lose their expression of Ly6C as they 

transition into Ly6Clow monocytes in bone marrow, and reduce Ly6C expression when 

they differentiate into tissue macrophages233, 236, 286, 287. More information about Ly6Chigh, 

Ly6Clow, and Ly6C- monocytes is within Chapter 1 – see section 1.3. 

 

CD64 (FcγRI) is a member of the Fcγ receptor (FcyR) family expressed on CD34+ 

hematopoietic progenitor cells including activated neutrophils, monocytes, and 

macrophages223. It is a major receptor for IgG-mediated phagocytosis and antibody-

dependent cellular cytotoxicity676. Binding and internalization via CD64 contributes to 

macrophage pro-inflammatory characteristics, including secretion of TNF and IL-6799, 

and CD64 is highly expressed on macrophages treated with IFNγ and LPS800. Elevation 

of CD64 expression on macrophages is often associated with infection and chronic 

inflammatory conditions799. Monocytes that express CD64 have increased phagocytic 

activity and superoxide production413. Macrophages decrease CD64 expression after 

treatment with IL-10678. 

 

CCR2 is a chemokine receptor for CCL2 (MCP-1). It is expressed on monocytes, 

macrophages, basophils, dendritic cells, memory T cells, NK cells, and MDSCs301, 305, 801. 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

270 
 

CCR2-CCL2 interaction is essential for recruitment of monocytes into tissues under 

inflammatory conditions, as well as during homeostasis287, 301. Monocyte migration to 

adipose and liver tissues via the CCR2-CCL2 axis contributes to development of tissue-

specific and systemic inflammation and increasing insulin resistance that accompanies 

obesity57. CCR2 expression decreases upon extravasation of monocytes into intestinal 

tissue as part of monocyte-to-macrophage maturation223, 235, 433. Upregulation of CCR2 on 

Ly6Chigh is regarded as promoting their migration to tissues287. 

 

CD4 is a glycoprotein member of the immunoglobulin superfamily best recognized to be 

found on the surface of T cells, though it is also expressed on dendritic cells, monocytes, 

and macrophages242, 802. The function of CD4 on intestinal macrophages is currently 

unknown. However, CD4 is a known receptor on T cells and macrophages for HIV803, 804. 

The conserved and widespread expression of CD4 in long-lived resident intestinal 

macrophages capable of self-proliferation, as opposed to rapidly replaced monocyte-

derived macrophages, would support its use as a receptor for viral infection.  

 

TIM4 (T-cell immunoglobulin and mucin domain containing 4) is a type I 

transmembrane protein. Members of the ‘TIM’ family have roles in immune regulation in 

allergy, asthma, and autoimmunity805. TIM4 is primarily expressed on antigen-presenting 

cells like macrophages and dendritic cells, and is a common marker of tissue 

macrophages of embryonic origin242, 675. TIM4 is implicated as a receptor for exosome-

dependent cellular entry of HIV806. TIM4 expression on macrophages has been implicated 

in maintenance of homeostasis via regulation of T cell expansion and survival, 

efferocytosis, and regulation of macrophage activation805, 807, 808. timd4-/- mice or mice 

treated with anti-TIM4 have increased development of antibody-mediated autoimmune 

conditions (due to reduced macrophage-mediated efferocytosis and/or modulation of 

effector CD4+ T cells functions)809, 810, yet anti-TIM4 treatment can reduce inflammation 

in late-stage mouse models of arthritis810. Human SNPs have been associated with 

rheumatoid arthritis and systemic lupus erythematosus, as well as lipid dysregulation811. 

TIM4-associated efferocytosis has been implicated in protection against 

atherosclerosis812, and TIM4 can also inhibit NLRP3 inflammasome activation813. 
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F4/80 

F4/80, more traditionally referred to as EMR-1 (EGF-like module-containing mucin-like 

hormone receptor-like 1) or ADGRE1, is highly and constitutively expressed on most 

resident tissue macrophages in mice, and also has low expression on monocytes229, 256. 

Embryonic origin macrophages typically have higher F4/80 expression than monocyte-

derived macrophages229. Expression of F4/80 increases as monocytes mature into 

macrophages. Though it is not required for development of mouse tissue macrophages814, 

it has been found to be important in cell-cell adhesion and macrophage activation. F4/80 

expression is downregulated on macrophages in response to IFNγ815, as well as activated 

macrophages in context of infection816. F4/80 may have roles in cell adhesion and signal 

transduction814.  

 

MHCII 

MHC II (major histocompatibility complex class II) proteins are expressed constitutively 

by antigen-presenting cells such as B cells, dendritic cells, macrophages, and thymic 

epithelial cells. Macrophages express low levels of MHCII under basal conditions. Its 

expression on the surface of macrophages can be increased in vitro by treatment with LPS 

and IFNγ, which also promotes production of pro-inflammatory factors like TNF, IL-6 

and nitric oxide, as well as phagocytic activity, whereas IL-10 treatment promotes its 

intracellular sequestration261, 263. Intestinal macrophages express MHCII but do not appear 

to use it for antigen presentation405. 

 

CD11b 

CD11b, also known as Mac-1 or integrin αM, is an integrin adhesion molecule primarily 

expressed on monocytes, macrophages, and neutrophils. CD11b combines with integrin 

β2 (CD18) to form MAC-1 (integrin αMβ2), which is involved in transmigration of 

immune cells like monocytes through endothelial cells817. CD11b prevents in situ 

proliferation of adipose tissue macrophages (i.e. its absence promotes more local 

proliferation rather than monocyte recruitment) and promotes a Th2 cytokine expression 

profile638. CD11b is also involved in modulation of immune responses and may suppress 

TLR signalling in macrophages818.  
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Appendix II. 

 

 

 

 

Macrophage intracellular staining of TNF and IL-10. 

 

Representative images of macrophage (CD45+CD3-B220-Ly6G-Ly6C-MHCII+CD64+) 

intracellular expression of TNF and IL-10 assessed by flow cytometry. Response to LPS 

stimulation in young chow-fed mice for intracellular staining of (A) TNF and (B) IL-10.  
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Appendix III. 

 

 
Comparison of macrophage populations in young naïve germ free mice, colonized 

mice, and SPF mice. 

 

Intestinal macrophage populations (CD4-TIM4-, CD4+ and CD4+TIM4+) were assessed 

by flow cytometry in the colon (A) and ileum (B). (C) colon length. (D) small intestine 

length. Data in A-B are presented as box and whisker plots, minimum to maximum, 

where the center line indicates the median. Data in C-D are presented with box height at 

the mean with error bars indicating ± standard deviation. Each data point indicates a 

single mouse. CS-Chow: ex-germ free mice with microbiota from chow-fed SPF mice. 

CS-HF: ex-germ-free mice with microbiota from 60% high fat-fed SPF mice. Data for 

CS-HF and CS-Chow are from Figure 6.3.3. Statistical significance was assessed by one-

way ANOVA with Tukey’s post-hoc for comparisons within each macrophage 

population. Data in C-D have letters showing statistical similarities and differences. 

*p<0.05, ***p<0.001. 
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Appendix IV. 

 

 

 
 

Colon macrophage prevalence in GF mice colonized with young or old microbiota 

and young and old SPF mice.  

 

Prevalence of colon CD4-TIM4-, CD4+, and CD4+TIM4+ macrophages as a proportion of 

total macrophages in GF mice colonized with microbiota from young mice (M-Young) or 

old mice (M-Old) and aged to ~19-22 months, from Figure 6.4.6, and in SPF young 

(ySPF, 3-5 months) and old mice (oSPF, 18-24 months) from Figure 6.4.1. Data are 

presented as box and whisker plots, minimum to maximum, where the center line 

indicates the median. Data are from one independent experiment with M-Young n=6 and 

M-Old n=8, or combined from multiple independent experiments of n=1-4 mice per 

group: ySPF n=11, oSPF n=13. Statistical significance was assessed by one-way 

ANOVA. Letters indicate statistical similarity and differences between mouse groups 

within each macrophage population. 
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Appendix V. 

 
 

Intestine lengths and macrophage populations in chow-fed non-pregnant non-lactating 

female mice and in dams at P21. 
Intestinal measures from age-matched (18-24 weeks) non-pregnant non-lactating female mice (NP) and P21 

dams (Lac) on standard chow diet. (A) small intestine length. (B) prevalence of ileum macrophages as a 

proportion of total leukocytes. (C) absolute cell count of ileum macrophages. CD4-TIM4-, CD4+, and 

CD4+TIM4+ ileum macrophages: (D) as a proportion of total macrophages, (E) absolute cell counts, (F) 

absolute cell counts by tissue length. (G) colon length. (H) prevalence of colon macrophages as a proportion 

of total leukocytes. (I) absolute cell count of colon macrophages. CD4-TIM4-, CD4+, and CD4+TIM4+ colon 

macrophages: (J) as a proportion of total macrophages, (K) absolute cell counts, (L) absolute cell counts by 

tissue length. Each dot indicates an individual mouse. Data in A and G are presented with box height at the 

mean and error bars at ± standard deviation. Data in B-F and H-L are presented as box and whisker plots, 

minimum to maximum, with the center line at the median. NP n=11, Lac n=9. Statistical significance was 

assessed by Student’s two-tailed t test. *p<0.05, **p<0.01, ****p<0.0001. 
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Chapter 7. Discussion 

Review of premise 

Inflammation is required to maintain host homeostasis, but chronic inflammation 

is a significant contributor to morbidity and early mortality. Peripheral immune cells 

including monocytes and tissue macrophages contribute to the pathology of chronic 

inflammatory conditions. The central aims of this thesis were to investigate how 

biological sex impacts peripheral immunophenotype in homeostasis, how chronic 

inflammation in obesity, pregnancy, and biological aging changes peripheral blood 

monocytes and intestinal macrophages, and to determine if effects of chronic 

inflammation are mediated by TNF or the intestinal microbiota (Figure 7.1).   

 

 

Figure 7.1. Review of central thesis premise and areas of investigation. 
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Under conditions of homeostasis (Chapter 3), we observed that biological sex 

influenced numbers and the relative prevalence of peripheral blood immune cells, with 

greater variability of immunophenotype in C57BL/6J male mice compared to female 

mice, and we found that peripheral blood immunophenotype was similar between stages 

of the female reproductive cycle. We also identified that there are mouse-strain-dependent 

impacts on peripheral immune cells that vary by biological sex. In male mice (Chapter 4) 

we identified that diet-induced obesity increased circulating Ly6Chigh monocytes in a 

TNF-dependent manner, which correlated with insulin resistance. We observed that 

female mice (Chapter 5) also had increased circulating Ly6Chigh monocytes in diet-

induced obesity, but this was not mediated by TNF. We found that blood 

immunophenotype changed across pregnancy and lactation, with an increase in myeloid 

cells and a decrease in lymphocytes. Pregravid obesity altered immunophenotype at mid-

pregnancy, increasing the numbers of monocytes and B cells, and in late pregnancy the 

absence of TNF did not prevent obesity-associated changes to immunophenotype. We 

also found that excess gestational weight gain influenced the prevalence of maternal 

peripheral blood B cells and NK cells, and monocyte phenotype, in lactation. We 

identified that diet-induced obesity, excess gestational weight gain, lactation, and age had 

distinct effects on ileum and colon CD4-TIM4-, CD4+, and CD4+TIM4+ tissue 

macrophage dynamics (Chapter 6). There were tissue-specific, microbiota-associated, and 

age-associated factors that contributed to those changes, and the microbiota alone was 

insufficient to confer peripheral and intestinal immunological characteristics of diet-

induced obesity, or modulate intestinal macrophage dynamics in the context of biological 

aging. This may be due to diet-microbiota or age-microbiota interactions, respectively.  
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Overall, the studies in this thesis provided novel information on the influence of 

biological sex on peripheral blood immunophenotype in homeostasis, as well as insights 

into how peripheral monocytes and intestinal macrophages change in response to chronic 

inflammation, and the differential roles of TNF and the microbiota in mediating those 

changes under various biological conditions across the life course. As data were discussed 

within the individual chapters, the following discussion will briefly integrate and extend 

interpretation of these data, identify limitations, and outline directions for future research.   

 

Effects of TNF on cellular inflammation in obesity 

To gain insight into the effects of chronic inflammation on peripheral cellular 

changes, intestinal permeability, and intestinal macrophages in obesity, we used WT and 

TNF-/- mice and models of HF diet-induced obesity. We hypothesized that TNF-/- mice 

would be protected from effects of cellular inflammation compared to WT mice. 

Consistent with previous studies526, 527, 528, we showed that whole-body genetic ablation of 

TNF in male mice reduced adiposity, macrophage accumulation in adipose tissue, and 

insulin resistance. We also found that TNF-/- male mice fed a HF diet were protected from 

an obesity-associated increase in circulating Ly6Chigh monocytes in comparison to HF-fed 

WT mice. In contrast, HF-fed TNF-/- female mice, compared to HF-fed WT female mice, 

had similar adiposity as well as prevalence and cell counts of peripheral blood Ly6Chigh 

monocytes. To our knowledge this observation of sexual dimorphism is a new discovery 

about the role of TNF in peripheral monocyte changes in diet-induced obesity. In 

addition, our data suggested that TNF-/- and WT female mice fed a HF diet had similar 

intestinal permeability, decreases in small intestine and colon length, and similar changes 

to numbers of ileum and colon Ly6Chigh monocytes, total macrophages, and CD4-TIM4-, 
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CD4+, and CD4+TIM4+ macrophages. It is unclear whether these data on intestinal 

immune cells and permeability reflect the pleiotropic effects of TNF that, as we 

previously mentioned, have been reported in acute and chronic models of intestinal 

inflammation699, 700, 701, 702, 703, or if different results would be observed in male mice, so 

this should be investigated in future experiments. Consistent with our data in non-

pregnant female mice, our data in pregnancy suggest that TNF is not a primary mediator 

of HF diet-induced immune changes in late pregnancy, as ablation of TNF (i.e. using 

TNF-/- mice) had similar effects on circulating immune cells as in WT mice. Together, 

these data indicate that the absence of TNF in the context of diet-induced obesity in 

female mice does not prevent changes to monocytes in the periphery, or ileum or colon 

tissue macrophages. 

We proposed that the difference in the action of TNF on peripheral cellular 

inflammation between female and male mice is due to effects of TNF on insulin 

resistance, and/or the “resilience” of female mice to the metabolic consequences of diet-

induced obesity. These sex-dependent effects on regulation of TNF imply that clinical 

anti-TNF treatments may be more efficacious in obese men, or in men for treatment of 

other TNF-mediated chronic inflammatory disorders. While few clinical studies have 

addressed if biological sex contributes to variable outcomes of immunotherapies, there is 

evidence that anti-TNF treatments for rheumatoid arthritis, a chronic inflammatory 

disease that leads to the destruction of joints, show sex-specific differences in efficacy819. 

Male patients have higher remission rates and less adverse outcomes compared to female 

patients820, 821, 822. The underlying biological basis for why anti-TNF therapies for 

rheumatoid arthritis have less efficacy in females is unknown, however it may be due to 
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differences in circulating monocytes and synovial macrophages. In rheumatoid arthritis, 

monocytes are recruited to the synovium (the soft connective tissue that lines joints and 

surrounds the fluid-filled joint cavity) and differentiate into pro-inflammatory 

macrophages which activate surrounding immune cells823. The success of anti-TNF 

therapy in rheumatoid arthritis has been linked to changes to peripheral blood monocyte 

numbers and activation phenotype824, and a reduction in macrophage accumulation in the 

synovium825, 826, 827. Treatment response of anti-TNF therapy in individuals with active 

rheumatoid arthritis has been reported to decrease with increasing patient BMI828, 829, 830, 

though it is unclear if there are sex differences. Therefore, future studies into the 

mechanisms underlying sex differences in response to TNF in obesity-associated chronic 

inflammation, and changes to monocyte and macrophage populations, may also provide 

insights into other chronic inflammatory disorders, especially if obesity is also present.  

 

Immunological implications of pregravid obesity and excess gestational weight gain 

We investigated the effects of pregravid obesity on maternal immunophenotype at 

mid-gestation (E14.5), the effects of pregravid obesity in TNF-/- and WT mice in late 

pregnancy (E18.5), and effects of excess gestational weight gain during lactation (P21). 

Although we used syngeneic pregnancies, we were able to identify trends consistently 

reported in semiallogeneic human pregnancies, suggesting that there are likely common 

peripheral immunological adaptations in pregnancy across mammalian species. Albeit 

observational, these experiments showed that assessment of individual immune cell 

population phenotype and prevalence, and overall peripheral immunophenotype, is a 

feasible approach to assess immunological effects of interventions for pregravid obesity, 

or excess gestational weight gain, in mouse models of pregnancy and lactation. 



 
Ph.D. Thesis – J. A. Breznik   McMaster University – Medical Sciences 

 
 

281 
 

We collected original data showing that pregravid diet-induced obesity changes 

peripheral immunophenotype adaptations at mid-gestation and late pregnancy. As 

discussed, these pregnancy data have implications for maternal susceptibility to infection, 

vaccination responses, placental development, and fetal-maternal tolerance. Our 

lactational data have implications for neonatal health. Animal and human studies indicate 

that maternal blood immune cells and antibodies, and mature maternal leukocytes from 

the gut mucosa, as well as immunomodulatory cytokines, chemokines, and antimicrobial 

peptides, can be passed to offspring via milk during normal breastfeeding831, 832, 833. 

Macrophages and dendritic cells represent >80% of immune cells in breast milk, and 

monocytes, B cells, T cells, NK cells, and neutrophils also contribute to its immune cell 

composition834, 835. Maternal immune cells from breast milk have direct roles in infant 

immune protection as well as development of the immune system836, 837. The composition 

of breast milk changes according to the health of the mother and infant838, 839, maternal 

weight840, and maternal nutrition and intestinal adaptations that facilitate breast milk 

production841. We observed that dams with excess gestational weight gain compared to 

chow-fed dams had an increased prevalence of peripheral blood B cells, and a reduction 

of NK cells. We also found that dams with excess gestational weight gain compared to 

chow-fed dams had reduced small intestine and colon lengths, and altered ileum and 

colon macrophage numbers and phenotype. These peripheral and intestinal changes could 

influence the immune cell composition of breast milk, which may impact neonatal 

susceptibility to infection and development of immune tolerance832, 842, 843.  

Both pregravid obesity and excess gestational weight gain are associated with 

increased risk of later-life maternal obesity and other chronic health conditions157, 158. 
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Beyond these associations, however, there is little data on the biological mechanisms that 

lead to long-term detrimental health effects. We observed from our immunophenotype 

data that in chow-fed dams across pregnancy into lactation there is an increase in 

circulating myeloid cells, which results in a 2-fold increase in peripheral blood monocyte 

numbers in lactation compared to a non-pregnant mouse. We found that there were 

longitudinal increases in Ly6Chigh monocyte prevalence in non-pregnant female mice fed 

a HF diet. Ly6Chigh monocytes were also elevated in dams with pregravid obesity, and 

there were changes to Ly6Chigh monocyte prevalence and phenotype in the blood and 

bone marrow during lactation in dams with excess gestational weight gain.  

Trained immunity, or innate immune memory, is a phenomenon in which innate 

immune cells, after exposure to a stimulus, have augmented responsiveness to subsequent 

exposure to either related or unrelated stimuli844, 845. While originally studied in the 

context of acute inflammatory stimuli like PAMPs in infection and vaccination845, 846, 847, 

848, it has also been reported that trained innate immunity in myeloid lineage cells can be 

induced by DAMPs846, 849, stress850, high fat high sugar diet851, and saturated fatty 

acids852. This training involves epigenetic reprogramming of innate immune cell 

hematopoietic precursors847. While speculative, perhaps in conditions of chronic 

inflammation in pregnancy/lactation, when there is already a predisposition toward 

increased production of myeloid cells, the changes that occur to monocytes in response to 

pregravid obesity or excess gestational weight gain could lead to maladaptive epigenetic 

programming of innate immune cell hematopoietic precursors. This may result in the 

presence of hyperresponsive monocytes after pregnancy that could contribute to risk of 

chronic inflammatory disorders including obesity. Therefore, further studies on 
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monocytes and precursor cells could provide insight into postpartum chronic 

inflammation and maternal weight retention, as well as later-life obesity. 

 

Intestinal macrophages under conditions of homeostasis and chronic inflammation 

We examined intestinal macrophage populations in conditions of homeostasis and 

chronic inflammation, using a flow cytometry approach that identifies macrophages by 

their ontogeny. These studies collectively showed that diet-induced obesity, excess 

gestational weight gain, lactation, and aging, have different affects on intestinal 

macrophage dynamics (Table 7.1), which are also unique in comparison to other 

conditions of acute and chronic inflammation. 

 
Summary of observations from experiments in female mice in Chapter 6. Macrophage prevalence (%) is 

reported as a proportion of total macrophages. Numbers (#) are absolute cell counts (not adjusted by tissue 

length). ‘to’ indicates a change between 6 and 18 weeks HF diet in the non-pregnant female mouse studies. 
 

Table 7.1 Summary of observations of ileum and colon macrophage populations. 
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Consistent with previous studies, under conditions of homeostasis, in SPF mice 

(fed standard chow diet) we observed that intestinal macrophages can self-renew (via 

Ki67 staining)408, there is a post-birth accumulation of monocyte-derived macrophages in 

young mice that alters macrophage composition214, 233, 235, 409, and that these changes and 

intra-macrophage population dynamics were dependent on tissue location (colon or 

ileum)409, and the microbiota235, 268, 409, 412. Also in agreement with previous reports, all 

intestinal macrophages produced IL-10 as well as TNF236, 483.  

Under conditions of homeostasis, macrophage numbers did not increase with 

biological age in SPF mice, but population dynamics changed, with a decrease in 

prevalence and numbers of CD4+TIM4+ macrophages of embryonic origin. We found that 

intracellular TNF expression was higher in all colon macrophage populations in old mice 

compared to young mice. In our studies with old and young mice, we also found that GF 

mice have fewer intestinal macrophages, and altered intra-macrophage population 

dynamics compared to SPF mice, supporting a role for the microbiota in maintenance of 

intestinal macrophage populations235, 412, 671, 853. We found that there are age-intrinsic 

changes to macrophages dynamics in both GF and SPF mice. These data suggest that in 

addition to macrophage core programming, age-related cell-intrinsic changes, as well as 

age-associated microbial dysbiosis, and changes to microenvironment tissue structure and 

secreted cellular signals (e.g. growth factors), alter intestinal macrophage dynamics. 

In our studies during lactation, we found that total intestinal macrophage numbers 

increased, perhaps due to increased requirements for macrophage-mediated activities, or 

in response to the presence of newly formed tissue niches for macrophages to occupy due 

to tissue remodelling. We also observed that there were no changes in macrophage 
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dynamics in non-pregnant GF mice and GF mice at mid-gestation (E14.5). As the 

intestinal microbiota changes across SPF mouse pregnancy178, 179, 180, the changes in 

intestinal macrophage composition that we observed between SPF non-pregnant and 

lactational mice may be in part mediated by microbiota changes that occur in 

pregnancy/lactation. 

In summary, using an ontogeny-based approach for assessment of macrophages, 

our data confirmed fundamental concepts of tissue macrophage properties and previous 

observations of intestinal macrophage proliferation, turnover, and intra-macrophage 

population dynamics, as well as tissue-specific anti-inflammatory programming under 

conditions of homeostasis, and provided new insights on changes to intestinal 

macrophages in aging and in pregnancy/lactation. These data improve our understanding 

of colon and ileum macrophages and can be used to guide future research. 

We also studied effects of chronic inflammation on intestinal macrophages. In 

particular, in diet-induced obesity in non-pregnant young mice, we observed that despite 

both in vivo and in vitro evidence of increases in intestinal permeability, monocyte 

recruitment or accumulation of monocyte-derived CD4-TIM4- macrophages was not 

observed, and macrophages retained or enhanced their production of IL-10 after 6, 12 and 

18 weeks of HF diet feeding. In fact, mice with short-term HF diet feeding (6 weeks), 

compared to chow-fed mice, had reduced monocyte and macrophage numbers in the 

ileum and colon. From a clinical perspective, these data were not surprising. While 

human data reports an increased prevalence and risk of obese individuals developing 

certain gastrointestinal disorders, intestinal inflammation in obesity is not sufficiently 

severe to cause infiltration of leukocytes and gross pathology unless in combination with 
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infection or IBD854, 855. A possible explanation for our observations is that the limited 

extent of barrier disruption (paracellular permeability rather than whole-enterocyte 

destruction) and lack of pathogenic bacteria (microbial dysbiosis rather than active 

infection) is insufficient to elicit a local inflammatory response, or the associated 

leukocyte recruitment response is blocked, preventing recruitment of monocytes and 

neutrophils. The cytokine production profiles that we observed in CD4-TIM4-, CD4+, and 

CD4+TIM4+ macrophages could reflect further attenuation of macrophage responses to 

any commensal bacteria or bacterial products that enter the lamina propria, as exposure to 

commensal bacteria can induce macrophage production of IL-10412, 671, 730, 853, 856, 857. 

Macrophage phagocytosis also has a positive feedback effect on production of IL-10, so 

clearance of luminal contents from the lamina propria could reinforce macrophage anti-

inflammatory tolerogenic properties466, 858. There may be transcriptional activation of 

chemokines and pro-inflammatory cytokines in intestinal tissues, as has been reported643, 

644, 645, but this is insufficient to cause extensive leukocyte infiltration, though it is 

currently unclear how local macrophages are depleted. Changes to macrophage IL-10 and 

TNF production, coupled with a decrease in recruitment of monocytes, could therefore 

collectively be a protective response to increased intestinal permeability and microbial 

dysbiosis. However, this response may result in a permissive environment for 

translocation of bacteria, bacterial products, and other antigens, from the lamina propria 

into blood vessels or mesenteric lymph nodes, which can contribute to the development of 

systemic chronic inflammation and metabolic dysfunction345, 859.  
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Colon macrophages across the life course 

We observed significant differences in the numbers of peripheral blood monocytes 

(and other immune cells) of young SPF mice by biological sex under conditions of 

homeostasis. Sex differences in innate and adaptive immunity affect the microbiota, and 

vice versa722, 750, 774, 860, 861. There are sex differences in expression of genes related to 

immunological function in colon tissue in young mice774 and old mice862. It has also been 

reported that there are sex differences in microbiota composition, maintenance of the 

intestinal epithelium mucus layer, and expression of immune signalling genes in the 

ileum and colon between 19 month old male and female mice774. These data suggested 

that there may be differences in intestinal macrophage population dynamics by biological 

sex, which are dependent on the microbiota in both young and old mice.  

We found that biological sex and age had a significant effect on the prevalence of 

monocyte-derived CD4-TIM4- macrophages in both SPF and GF mice. Male mice 

generally had a higher prevalence of CD4-TIM4- macrophages, though this may not be 

due to increased macrophage turnover, as it has been reported using bone marrow 

chimeras and genetic fate-mapping techniques that there are no differences in monocyte-

derived macrophage turnover in the colon by biological sex, at least in young mice214, 232. 

We in addition observed that there is an effect of biological sex on CD4+ macrophages in 

SPF mice, but not GF mice, and an effect of biological age, but not biological sex, on 

CD4+TIM4+ macrophages in both SPF and GF mice. These observations suggested that 

there are microbiota-independent and microbiota-dependent effects, and sex-dependent 

and sex-independent effects, on colon macrophage dynamics in young and old mice.  
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While there are differences in colon macrophage composition by biological sex, 

there are similar effects of turnover and gradual replacement of CD4+TIM4+ macrophages 

with age. In our experiments comparing young and old female mice, we observed that 

there is a decrease in the number, relative proportion, and self-renewal of embryonic 

origin CD4+TIM4+ colon macrophages in old female SPF mice. We also confirmed that 

there is a similar reduction of CD4+TIM4+ colon macrophages with age in SPF male 

mice. The fact that CD4+TIM4+ macrophages persist within colon tissues of both SPF and 

GF mice from their embryonic origins through to old age suggests they have important 

roles in lifelong maintenance of tissue homeostasis. As mentioned, intestinal embryonic 

origin macrophages have been implicated in regulation of blood vessel and lymphatic 

barriers771, 772, enteric neuron signalling776, and smooth muscle contraction777. Depletion 

of CD4+TIM4+ macrophages earlier in life, as observed in the context of diet-induced 

obesity, could have a detrimental impact on the aging trajectory.  

Research in other tissues has identified specific roles for embryonic origin 

macrophages in health and disease. For example, embryonic cardiac macrophages 

establish electrical conduction in the heart863, and have been reported to facilitate tissue 

repair after myocardial infarction864. In contrast, it has been reported that embryonic 

origin macrophages can promote progression of pancreatic cancer230, lung cancer865, and 

ovarian cancer metastasis866. It has been proposed that maternal factors including diet, 

environmental toxins, stress, infection, and chronic inflammation, may impact fetal 

hematopoietic stem cell development and epigenetic programming867, 868. Effects of 

maternal obesity in pregnancy have sexually dimorphic effects on offspring metabolism 

and immunity869. Therefore, there could be differential effects of maternal programming 
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signals by fetal sex that influence long-lived embryonic origin intestinal macrophage core 

genetic programming, and their population dynamics and functions in health and disease 

across the life course.  

 

Limitations and future directions 

All of the studies in this thesis were conducted using mouse models. The use of 

mouse models allowed us to control for effects of genetics and housing environment, to 

perform experiments at specific time points during pregnancy or lactation, and to 

specifically manipulate diet and the microbiota500. The polycocial nature of mouse 

pregnancy, and variation in the number of fetuses, can affect maternal adaptations in 

pregnancy and lactation122, 870. Litter sizes in all of our studies were not significantly 

different between diet groups, but we tried to limit these effects in the lactation study by 

reducing litter size to a standard number (of 6 pups) for all dams. For studies on chronic 

inflammation associated with obesity, we used mouse models of diet-induced obesity. 

Leptin-deficient homozygous ob/ob mice have increased adiposity and intestinal 

permeability, as well as microbial dysbiosis, in comparison to their wildtype littermate 

siblings, even when maintained on a standard chow diet659, 871. These mice could be used 

to examine effects of obesity in the absence of an obesogenic diet, to confirm our data on 

obesity-associated changes to peripheral immunophenotype and intestinal macrophages, 

as well as effects of microbial dysbiosis in colonized GF mice, with use of the same diet 

in all donor and recipient experiment groups. To examine the effects of TNF on adiposity, 

intestinal permeability, and peripheral and tissue monocyte and macrophage populations, 

we used a model of whole-body genetic deletion of TNF. To provide further insight into 

the effects of TNF in diet-induced obesity in male and female mice, future studies should 
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also use antibody, chemical, and/or RNAi-based methods to suppress TNF in WT mice25. 

These methods would also allow for dose adjustment to completely ablate TNF, or simply 

reduce its effects, before or during diet allocation.  

We assessed intestinal macrophage populations by whole-tissue digestion with 

analysis by flow cytometry, in order to examine the CD4-TIM4-, CD4+, and CD4+TIM4+ 

subsets recently defined by Shaw and colleagues409. While macrophages are present in all 

layers of the intestines, the highest numbers are found within the lamina propria268, 407, 422, 

423. As a result, while our flow cytometry data are representative of global changes to 

macrophage populations within the intestines, the majority of the cells likely originate 

from the lamina propria. In addition, we focussed our studies on the ileum and colon, but 

we also observed that macrophage composition varies along the length of the intestinal 

tract. Examining macrophage subsets by anatomical location along and within the layers 

of the intestines will help disentangle their heterogeneity, as well as determine if 

embryonic and bone marrow origin macrophages maintain different roles, and how they 

interact within a distinct tissue niche. Future studies should therefore consider combining 

cell-based flow cytometry and cell sorting and bulk transcriptomic analyses with whole 

tissue analysis by immunohistochemistry and microscopy408, or even in vivo live cell 

imaging268. As the use of specific cell surface markers for identification of macrophages 

does not allow for a full assessment of their possible diversity or ontogeny, unbiased 

single-cell RNA sequencing may also provide further insight872. This combination of 

techniques will be extremely important to disentangle macrophage functions and changes 

in various disease states, and in response to chronic inflammation. 
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Concluding remarks  

The work presented in this thesis identified effects of biological sex on peripheral 

immunophenotype composition and variability in homeostasis, and examined effects of 

chronic inflammation in the context of diet-induced obesity, pregnancy, lactation, and 

biological aging, focussing on peripheral monocytes and intestinal macrophages. We 

determined that biological sex, but not the female reproductive cycle, affects 

immunophenotype composition and variability in homeostasis. We demonstrated that in 

diet-induced obesity, TNF is not a key mediator of changes to peripheral cellular 

inflammation, intestinal permeability, or intestinal macrophages in female mice, but in 

male mice TNF is a mediator of monocytosis and insulin resistance. We found that effects 

of microbiota colonization are modified by diet and recipient host age. We showed 

longitudinal effects of obesity on peripheral and intestinal monocytes and macrophages, 

reported novel data on maternal immunological adaptations in pregnancy and lactation in 

mice, and examined effects of pregravid obesity and excess gestational weight gain on 

those adaptations. We identified that intestinal macrophages change in a biological 

context-dependent manner across the life course in response to chronic inflammation. 

Collectively, our data have generated new questions to address in future studies in 

research areas of immunometabolism, pregnancy, and aging.   
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