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MATERNAL ɓ-GLUCOSYLCERAMIDES ALTER NEONATE HEMATOPOIESIS 

AND LUNG MICROBIOTA 

Asthma affects over 25 million Americans and is the most common chronic 

pulmonary disease in children in the United States. Currently approximately 1 in 14 

children are afflicted with asthma in the United States. Between 2008 and 2013, the 

estimated economic burden of asthma in the United States was $81.9 billion. The 

prevalence of asthma has steadily increased over the last 40 years, and the 20-year 

projected economic impact of uncontrolled asthma alone is projected to be about $300 

billion from year 2019 to 2038. Offspring born to allergic mothers are three times more 

likely to develop allergies than offspring born to mothers without allergies. Lipids such 

as ŬTocopherol, ɔ-Tocopherol, and ɓ-Glucosylceramides are known to influence allergen 

hyperresponsiveness. Elevated ɓ-Glucosylceramides alter dendritic cell populations in 

neonates, and ɓ-Glucosylceramides are known to signal through a C-type lectin receptor 

called Mincle. In addition, lung microbial dysbiosis is associated with development of 

allergic asthma in children. Here we show that maternal ɓ-Glucosylceramides alter 

hematopoiesis in the neonate by signaling through Mincle in hematopoietic precursors. 

This causes the expansion of IRF4+ dendritic cells, which are known to induce allergy. 

Furthermore, we show that the lung microbiota is altered in mouse pups born to allergic 

mothers and that this dysbiotic microbiota is sufficient to induce allergen 

hyperresponsiveness in neonates. ȸ-Glucosylceramides altered lung microbial relative 

abundance compared to vehicle-treated controls and enhanced biofilm formation in 

bacteria isolated from mouse lungs. In silico analysis revealed predictions of microbes and 
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Chapter 1: Immunity  in the Context of Allergy 

A. Introduction to Asthma and Allergies 

Asthma afflicts over 25 million Americans and is the most common chronic 

pulmonary disease in children in the United States [1]. Approximately 80% of childhood 

asthma is caused by allergies [2]. An allergic reaction is defined as an immune 

hyperresponsiveness to an innocuous agent called an allergen [3, 4]. Typical allergens 

include dust, pollen, foods, and mold [2, 4, 5]. Allergens elicit an acute allergic response 

by triggering sensors on immune cells that results in a rapid immune response [6, 7]. One 

of the key sensors is an antibody type called IgE [8-10]. IgE is a major class of antibodies 

that can be specific for several different antigens [8, 10]. The key common feature of all 

IgE antibodies is that they bind to a cell surface receptor called FcŮ Receptor (FcŮR) [11]. 

FcŮR is present on the surface of mast cells, basophils, eosinophils, and dendritic cells 

(DCs) [12-14]. Allergen binding to the IgE-FcŮR complex results in enhanced antigen 

presentation for DCs [15] and degranulation in eosinophils, mast cells, and basophils [13, 

14, 16]. Mast cells and basophils are responsible for the most recognizable symptoms of 

allergy, which are caused by histamine release [13, 14]. Histamine is released from mast 

cells and basophils when an allergen encounters its cognate IgE antibody, which is bound 

to FcŮR on the cell surface [13, 14]. Histamine has a myriad of effects including pain 

induction (itch), vascular leaking (swelling), smooth muscle contraction (wheeze), and 

mucous production [17]. Histamine release results in many of the most familiar symptoms 

associated with allergies [18]. However, allergies are accompanied by several other cellular 

and physiological effects. One of the most obvious cellular responses to allergen 

sensitization is an accumulation of eosinophils in the blood and affected tissue [19-23]. 
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Elevated eosinophils (eosinophilia) in the lungs is a key metric of allergy development in 

all of the experiments reported in this work.  

The effects of histamine and its association with allergies were first discovered in 

1910 [24]. Since then, several important discoveries have been made in the field of 

immunology in general as it applies to allergy. The key question being addressed in this 

research is: why do some children develop allergies but not others, even though they seem 

to be exposed to the same sensitizing environment? A clue that will be discussed in detail 

that may help us answer this question is that some children seem to be predisposed to 

asthma based on the asthmatic state of the mother [25].  In order to grasp the importance 

of the research presented here, it is important to give a firm background on what is known 

about immunology in general and in the context of allergy. After introducing a broad 

framework of immunology, I will discuss the process of hematopoiesis. Hematopoiesis is 

the developmental process that gives rise to all blood cells. In Chapter 2, I will focus more 

on what has been discovered using a mouse model of allergen hyperresponsiveness in pups 

born to allergic mothers. Having established what was known before my research began, I 

will move into subsequent chapters detailing what I have learned from my own research.  

B. Immunity in the Context of Allergy  

1. Innate versus adaptive immunity 

Multiple schools of thought exist to classify the immune system. One of the oldest 

and most easily understood schools of thought divides the immune system into innate and 

adaptive immunity (initially  called natural and acquired immunity) [26]. Almost every cell 

in the body can participate in immunity in some way. Barriers such as skin make up a 

blockade against invading microbes [27]. Some organs such as tear ducts secrete lysozyme, 
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which is toxic to most bacteria [28]. Mucosal immunity is a discipline all in itself that 

studies how mucous, cilia, and specialized IgA antibodies move potential pathogens out of 

the respiratory, digestive, reproductive, and urinary tracts [29]. Besides these, any cell can 

elicit danger signals when it encounters or has been invaded by a pathogen [30]. As one 

example, all cells express a family of proteins called the retinoic acid-inducible gene 1 

(RIG-1)-like receptors to sense viral invaders and alert professional immune cells nearby 

[30]. Other examples exist within the field of allergy. Airway epithelial cells, which are 

not derived from bone marrow and are not professional immune cells, secrete Interleukin-

33 (IL-33) when they encounter allergens such as the mold, Alternaria alternata, and 

cockroach antigen [31, 32]. IL-33 is a potent danger signal and activator of inflammation 

[31]. The key feature of innate immunity is that it defends the host against general 

molecular features of potential invading pathogens, cancerous or dysfunctional cells, or 

noxious agents [33].  

In contrast to innate immunity, adaptive immunity is designed to intricately target 

highly specific features of invading pathogens, cancerous or dysfunctional cells, or noxious 

agents [34]. Whereas all cells actively participate in innate immunity, adaptive immunity 

is restricted to T cells and B cells [34]. The high degree of antigen specificity is achieved 

by genetic recombination within these cells to give rise to an extremely diverse array of 

antigen-recognizing molecules [35]. Once triggered by the innate immune system, T cells 

and B cells become activated to carry out their effector functions and some differentiate 

into memory T and B cells to defend against future invasions of the same pathogen [36-

38]. The T cell and B cell effector functions will be explained in detail later in this chapter. 
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One of the most important concepts for any immunologist to recognize is that, 

barring a few exceptions, an innate immune response must precede an adaptive immune 

response. To describe how an orderly immune response occurs, I will use the example of a 

helminthic worm infection. The reason why I have chosen to use helminth infection as an 

example is because helminths activate the same arm of the immune system as allergens. 

Helminth infection is a major human health problem in sub-tropical and tropical regions 

[39]. Furthermore, helminths pose a major burden to agriculture all over the world due to 

livestock infections [40]. Helminths are parasites that burrow into the skin or through a 

mucosal surface such as the respiratory or digestive tract of their host as part of their life 

cycle [39, 40]. Compare this to common allergens, which mainly act after contacting the 

skin (e.g. insect stings and poison ivy), respiratory (e.g. ragweed and dust mite), or 

digestive tract (e.g. peanut and other food allergens). Though intravenous injection with an 

allergen (e.g. penicillin) can certainly induce anaphylaxis, most allergic reactions take 

place at the skin or mucosal surfaces. Helminth infection can cause major tissue damage 

and eventually death to the host if left uncleared [40]. Therefore, once a helminth is 

encountered, the immune system is activated to kill the invading parasite, repair the 

damaged tissue, and prepare to prevent a future infection [41]. 

The skin and mucosal surfaces of a mammal make up a barrier between inside and 

outside. A breach in this barrier signals the immune system that a pathogen could be 

entering the body [31]. When a helminth burrows into the skin for instance, this inevitably 

breaks open cells. When the intracellular contents of a cell are spilled into the extracellular 

space, this signals danger to cells of the innate immune system through pattern recognition 

receptors (PRRs) [31]. Intracellular danger signals are called danger-associated molecular 
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patterns (DAMPs) [42]. In addition to DAMPs, pathogen associated molecular patterns 

(PAMPs) are general features of the organisms that usually invade mammalian hosts [42]. 

Such organisms include bacteria, fungi, protozoans, and large multicellular organisms like 

insects and worms [42]. PAMPs work similarly to DAMPs, signaling through several PRRs 

and activating them [42]. Some of the most notable PRRs include the Toll-like receptors 

(TLRs), NOD receptors, and C-type lectin receptors. Macrophage inducible C-type lectin 

(Mincle) receptor is a PRR that is central to the research I will present in Chapter 3. Mincle 

is activated by the DAMP, ɓ-Glucosylceramide (ɓGlcCer), a lipid that is normally found 

on the intracellular surface of the cell membrane [42],[43]. If the cell membrane is 

compromised, for instance through lysis by a pathogen, ɓGlcCer is released and signals 

DCs, Mūs, and neutrophils through the Mincle receptor [44]. Mincle is a dual function 

PRR that also responds to a molecule called trehalose-6,6-dimycolate (T6DM) [45, 46]. 

T6DM is a cell wall glycolipid found in Mycobacteria, pathogens responsible for diseases 

like tuberculosis (Mycobacterium tuberculosis) and leprosy (Mycobacterium leprae) [47]. 

Therefore, T6DM is a PAMP, and Mincle is a dual function PRR that recognizes both 

DAMPs and PAMPs. In summary, DAMPs and PAMPs are general molecular features that 

signal invasion and cause professional innate immune cells like DCs and Mūs to recognize 

and respond to that invasion [42].  

Once an invading pathogen is detected, a physiological response is initiated called 

inflammation [17, 30, 31, 33, 42, 48]. The symptoms of inflammation are redness, swelling, 

heat, and pain [42, 48]. The redness is caused by increased blood flow, which is needed to 

bring in more pathogen-killing cells from the blood [48]. In the case of helminth infection, 

eosinophils are recruited to the site of infection to assist in killing of the parasite [21]. In 
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comparison, increased tissue eosinophil numbers are a hallmark of allergic inflammation 

[16, 49, 50]. Swelling is caused by increased vascular leakiness, which allows immune 

cells and pathogen fighting components like antibodies to infiltrate the area of invasion 

[48]. Heat is mainly generated as a result of increased blood flow, but heat in turn facilitates 

blood vessel dilation, aiding the inflammation process [48]. With allergies, many of these 

effects (swelling, redness, and heat) are caused by histamine action in the vascular tissues 

[51, 52]. Histamine acts through the H2 receptor in vascular smooth muscle cells to induce 

vasodilation [51]. Histamine signals through the H1 receptor in endothelial cells to activate 

endothelial nitric oxide synthase (eNOS), which further acts on smooth muscle to induce 

vascular dilation [53]. Histamine causes disruption in endothelial cell adhesion molecules 

such as vascular endothelial cadherin (VE-cadherin), catenins, adherins and tight junction 

molecules, which increases vascular leakiness resulting in heat and swelling [54-56]. In the 

case of helminth infections, pain can manifest as itch, which leads to scratching, which can 

help remove a skin-borne infection [48]. All these macroscopic features of inflammation 

serve to help rid the host of an invading pathogen [48].  

At the microscopic level, the innate immune system is responsible for the 

inflammatory response [30, 31, 33, 48]. The inflammatory response is mediated by 

signaling molecules called cytokines and chemokines, and different cytokines and 

chemokines are released in response to different types of pathogens [31, 48]. For example, 

IL-33 is a cytokine released during the initial response to helminth infection and allergies 

[31]. IL-33 is released via either damage-induced lysis or by Gasdermin D-mediated 

secretion from epithelial cells [57]. IL-33 facilitates allergen sensitization by inducing ILCs 

to produce large amounts of IL-5 and IL-13, which cause eosinophilia and mucous 
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production respectively [58]. In addition, IL-33 signals DCs to express IL-6, IL-1ɓ, TNF, 

CD40, CD80, and OX40L, and IL-33-induced gene expression in DCs results in skewing 

of naïve T cells to the pro-allergy T helper 2 (Th2) type [59].  This process of DCs 

communicating with T cells is the first in the link between the innate and adaptive immune 

systems.   

One function of DCs and Mūs is a process called phagocytosis [60]. Phagocytosis 

is the engulfment of extracellular material including dead cell components and pathogens 

[61]. Once ingested, some of the phagocytosed material is processed into fragments called 

antigens and prepared to be presented to a Helper T cell (also called CD4+ Tcell) [62]. This 

process is called antigen presentation, and the cells that are specialized at this process are 

called professional antigen-presenting cells (APCs) [63]. While many white blood cells 

present antigen to T cells, it is generally accepted that DCs, Mūs, and B cells are 

professional APCs [64]. Antigen is presented to CD4+ T cells using a protein called major 

histocompatibility complex II (MHCII), but antigen presentation alone is not sufficient to 

activate a T cell [62-64]. In addition to antigen-MHCII  binding to a cognate CD4+ T cell, 

two other signals are required for T cell activation: costimulation and cytokine activation 

[65-67].  Costimulation comes in the form of a costimulatory molecule expressed by the 

APC binding to a receptor on the CD4+ T cell [65, 67]. CD80 and CD86 are common 

costimulatory molecules found on DCs that bind to CD28 or CTLA-4 (respectively) on 

CD4+ T cells [65, 67]. The third signal required for full T cell activation is a cytokine, 

which can be either systemic or secreted locally by the APC [66]. The cytokine produced 

by the APC refines the T cell response by directing T cell polarization [68]. In response to 

helminth infection, DCs produce a cytokine called IL-6, which polarizes the CD4+ T cell 
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and commits the CD4+ T cell to a lineage called T helper 2 (Th2) [69]. Th2 cells are CD4+ 

T cells that express a master transcriptional regulator called GATA3 [70]. GATA3 

activates the transcription of the T cell-associated cytokines that most appropriately 

respond to helminth infection, namely IL-4, IL-5, and IL-13 [70]. These cytokines 

cooperate to organize a response that is most appropriate for elimination of helminth 

invasion [39]. The main function of IL-5 is to enter the blood stream and signal the 

proliferation of eosinophils in the bone marrow [19]. Eosinophils are white blood cells that 

carry toxic granules loaded with cytokines, arachidonic acid metabolites, and toxic proteins 

[71]. When eosinophils encounter helminthic worms, they degranulate, releasing such 

toxic proteins as major basic protein (MBP), Eosinophil-derived neurotoxin (EDN), and 

eosinophil peroxidase (EPX) [71]. IL-4 and IL-13 signals B cells to produce IgE antibodies 

[72, 73]. Antigen-specific IgE binds to FcŮR on mast cells and basophils, which can then 

rapidly respond to re-exposure to the specific pathogen [13]. Indeed, most of the functions 

of IL-4 and IL-13 are redundant and include induction of mucous production and 

recruitment of eosinophils, mast cells and basophils [74]. Once the helminthic pathogen is 

effectively killed and eliminated, inflammation enters its final stage of resolution in which 

tissue is repaired and remodeled and long living memory T cells and B cells take up 

residence in the tissue and bone marrow, ready to rapidly respond to future infections [74].  

In the process just described, a helminthic worm invaded a mammalian host. This 

invasion caused damage to the host. The innate immune cells of the host recognized this 

damage through pattern recognition receptors such as ST2. The pattern recognition 

receptors detected damage in the form of general features of infection called danger-

associated molecular patterns and pathogen-associated molecular patterns. PRR activation 
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caused an antigen-presenting cell like a DC to mature, phagocytose fragments of the 

pathogen, process some of those fragments into antigens, and present those antigens to a 

CD4+ T cell. The APC secretes IL-6, polarizing the CD4+ T cell to a Th2 type. In response, 

the Th2 cells secrete IL-4, IL-5, and IL-13, which facilitate the helminth-killing effector 

functions of mucous production, IgE class switching, and recruitment of eosinophils, 

basophils, and mast cells to the site of helminth infection. These coordinated actions, 

beginning with an innate response and ending with an adaptive response, result in killing 

and clearing of the infection. 

2. Th2 immunity gone awry 

In the previous section, I described the Th2 T cells and the cytokines they produce. 

Th2 cells fit within a broader model of immunity alongside Th1, Th17, and others [75, 76]. 

The Th1/Th2 model of immunity was first proposed in 1986 by a group of scientists led by 

Tim Mosmann [75]. Mosmannôs group later showed that Th1 cells secreted IL2 and 

interferon-ɔ (IFN-ɔ), and Th2 cells secreted IL-4 and IL-5 [77]. These findings were the 

first in describing a new model of immune response that centered around the type of CD4+ 

T cell that was generated for a response [75]. The type of Th subset that develops from a 

naïve T cell is determined by the cytokine secreted by the APC during antigen presentation 

[68]. In this way, the APCs guide the Th subset, and as a result the immune response as a 

whole, toward a particular immune response based on the type of pathogen encountered 

[78]. Th1 responses are generated as a result of intracellular bacterial and viral infections 

[68, 77, 79]. Th1 effector responses include generation of antigen-specific killer CD8+ T 

cells and IgG antibodies that are specialized at immobilizing pathogens [68, 77, 79, 80]. 

Th2 responses are generated in response to large extracellular pathogens [41, 68-70, 74, 
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79]. Th17 responses are specialized for response to extracellular bacterial infections [76, 

79, 81]. Other Th subsets have been described, such as Th9 and Th22, and many others are 

sure to exist [76].  

The main point to be made regarding T helper subsets is this: specific T helper 

responses are generated in response to specific types of pathogens and are associated with 

different immune disorders [76]. The effector functions of these Th subtypes are 

specialized to generate responses in the form of specific antibody isotypes, cytokines, and 

leukocyte recruitment [76]. Furthermore, each Th response correlates with a different type 

of immune disorder [76]. Th1 or Th17 responses are ordered toward the clearance of viral 

and bacterial pathogens [76, 79]. A disordered Th1 or Th17 response results in chronic 

inflammation and/or autoimmune diseases [76]. Th2 responses are ordered toward the 

clearance of large extracellular pathogens like parasites [76, 79]. A disordered Th2 

response manifests as allergy [76, 79]. This is why describing the normal response to 

helminthic infection was important in the previous section.  

Indeed, several parallels between helminth infection and allergy are apparent. 

Helminths often share molecular profiles similar to allergens. For instance, chitin is a 

polysaccharide found in all helminths, but not in mammals [82]. Chitin is the second most 

common polysaccharide found in nature (after cellulose), being found in the exoskeletons 

of all insects and the cell walls of all yeasts [82]. Chitin is a PAMP [83]. Thus, one of the 

main PAMPs associated with helminths is also found in many common allergens like house 

dust mite, mosquitoes, cockroaches, and molds [84]. Other PAMPs shared between 

helminths and allergens include glycans, lipoproteins, and secreted proteases [85]. Secreted 

proteases are of particular interest because of their potency in inducing allergic responses. 
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Parasites secrete proteases in order to help them invade tissue [86]. House dust mites 

possess two proteases that are potent allergens, Der p 1 and Der f 1. Der p 1 and Der f 1 

proteases damage host tissue by degrading occludin and compromising tissue integrity 

[87]. DCs recognize Der p 1 and Der f 1 through a PRR called Mannose Receptor, a C-

type lectin receptor [88]. Proteases are often found in conjunction with allergens and are 

often necessary for allergy induction [89, 90]. 

Multiple parallels exist between the immune response to helminths and allergies. 

The Th2 cytokines associated with helminth infection, IL-4, IL-5, and IL-13, are also 

indicative of allergies [19, 66, 68, 70, 72-74, 80, 91]. The IgE antibodies used to defend 

against future helminth infections are also causative of many allergy symptoms and are 

used as a diagnostic indicator of allergies [13, 29]. The cellular response, especially blood 

and tissue eosinophilia, are common to both helminth infection and allergies [18, 39, 71].  

Allergy is a disease defined as hyperresponsiveness to an innocuous agent [3, 4]. 

Here, you can see that allergy is also defined as a disorder of Th2 immunity [74]. Yet, a 

key question remains: why do some children develop allergies but not others, even though 

they seem to be exposed to the same sensitizing environment? My research suggests that 

certain blood cells are primed during their early stages of development to elicit a Th2 

response. Though we have described fully functional blood cells, like T cells, DCs, and 

eosinophils, a deeper understanding of blood cell development is needed to the research 

presented in subsequent chapters. 

3. Hematopoiesis 

Blood is a liquid tissue made up of water, dissolved ions, sugars, lipids, proteins, 

and cells. Blood cells are generally divided into red blood cells (RBCs) and white blood 
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cells (WBCs) [92]. WBCs are also called leukocytes, and several of these were introduced 

previously. T cells, B cells, DCs, Mūs, Mast cells, and eosinophils are all leukocytes [60, 

93-96].  Life as a blood cell begins in a primordial state known as the hematopoietic stem 

cell (HSC) [97, 98]. The process of HSC development is called hematopoiesis [97-99]. 

Hematopoiesis takes place in the liver during fetal development [100]. At the time of birth, 

this process shifts to the bone marrow [101]. The liver-to-bone marrow shift occurs as the 

HSCs enter the blood stream and travel to the bone marrow where they live for the 

remainder of an individualôs life [101]. HSCs can be subdivided into long-term HSCs (LT-

HSC) and short-term HSC (ST-HSC) [102]. LT-HSCs either differentiate to form ST-

HSCs, or they self-renew to maintain a sufficient population of LT-HSCs [102]. ST-HSCs 

either differentiate to form multipotent progenitors (MPP) or they self-renew [102]. MPPs 

can differentiate into either common lymphoid progenitors (CLP) or common myeloid 

progenitors (CMP) [102]. 

CLPs differentiate into T cells, B cells, natural killer cells and some plasmacytoid 

dendritic cells (pDCs) [102]. CMPs differentiate into megakaryocyte/erythroid progenitors 

(MEP), granulocyte/macrophage progenitors (GMP), and macrophage/dendritic cell 

progenitors (MDP) [78, 102]. Common dendritic cell progenitors (CDP) may be derived 

from either MDP or GMP [78]. MEPs differentiate into megakaryocytes, which form the 

blood platelets, and erythrocytes [102].  

All of these cells are intermediates along a pathway that gives rise to all the blood 

cells that function in our immune system plus our red blood cells and platelets [102]. Some 

of the cells that enter circulation from the bone marrow are fully differentiated and ready 

to perform their functions [102]. Others still must undergo further rounds of maturation to 
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become fully functional. Here, it is easiest to visualize the immune system in terms of two 

distinct arms: the lymphoid and the myeloid. Remember that differentiation of MPP cells 

gives rise to two types of progenitors: CLPs and CMPs [102]. From this developmental 

stage on, blood cells may be considered lymphoid or myeloid based on the progenitor from 

which they arose. Myeloid leukocytes are further divided into 1. granulocytes including 

mast cells, basophils, eosinophils, and neutrophils and 2. Agranulocytes including 

macrophages, dendritic cells, and monocytes [103]. Lymphoid leukocytes include the T 

cells, B cells, NK cells, and pDCs [104]. 

In summary, all the cells of the immune system communicate and cooperate to elicit 

immune responses. Innate immunity is often seen as the first line of defense against 

pathogens [33]. This is true for novel pathogens with novel antigens the host has never 

encountered [33]. Indeed, an innate immune response must precede an adaptive immune 

response when a novel pathogen or antigen is encountered [33]. However, antigens that 

have been previously experienced and generate an adaptive response are remembered by 

T cells and B cells [37, 38]. Memory responses to an antigen are rapid and often powerful. 

Thus, the first line of defense against subsequent reinfections is the cells of the adaptive 

immune system [37, 38]. This concept is incredibly important in allergy because allergic 

responses are, by definition, overreactions to previously experienced, innocuous agents.  

a.  Myeloid Cells 

Myeloid cells are the blood cells that arise from the common myeloid progenitor 

[104]. This includes erythrocytes, which are red blood cells and thrombocytes, which give 

rise to platelets [104]. The myeloid leukocytes consist of the granulocytes (mast cells, 

eosinophils, basophils, and neutrophils) and agranulocytes (monocytes, macrophages, and 
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dendritic cells) [92, 103, 104]. Granulocytes are so named because when viewed under the 

microscope, these cells have intracellular granules that bind either blue hematoxylin stain 

or the pink eosin stain depending on the chemistry and contents of the granules inside [92, 

103]. Hematoxylin is chemically basic and stains acidic proteins inside basophilic and 

neutrophilic granules [97, 103]. Eosin is chemically acidic and binds to basic proteins in 

eosinophils [97, 103]. The granules are a key part of the function of the granulocytes. The 

granulocytes all function to rapidly release the contents of their intracellular granules 

(usually signaling molecules or enzymes) depending on their environment, other cell types 

encountered, or antigens encountered [13, 16]. Agranulocytes also secrete cytokines into 

their environment, but not in the all-or-none fashion typical of the granulocytes [105]. 

Agranulocytes, especially macrophages and dendritic cells, are specialized at phagocytosis 

and antigen presentation [60, 61]. In summary, the functions of myeloid cells are to release 

pro-inflammatory or anti-inflammatory signals into the environment, remove antigens and 

cellular debris from tissues through phagocytosis, and to present antigens to lymphoid 

cells. In the following paragraphs, I will describe some of the basic functions of the various 

leukocytes as they apply to allergy. 

i. Mast cells  

Mast cells are the only functional cell in the immune system that develops directly 

from common myeloid progenitors without going through any further intermediate 

developmental stages [106]. Mast cells enter blood circulation as immature precursors that 

fully develop once reaching their resident tissues [107]. Mast cells exit the bone marrow 

through the blood and reside in epithelial and mucosal tissues in most parts of the body 

[107]. Mast cells express on their surface the high affinity Fc-epsilon Receptor (FcŮR) 
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complex [12, 13]. FcŮR is a heterotrimeric protein complex made up of one Ŭ chain, one ɓ 

chain, and two ɔ chains [108, 109]. FcŮR resides on the mast cell surface and binds with 

high affinity to free IgE antibodies circulating in the blood [11, 12]. The cytoplasm of a 

mast cell contains 50-200 granules [110]. These granules contain multiple chemical 

mediators that are meant to be rapidly released upon stimulation [13]. These chemical 

mediators include histamine, heparin, and proteolytic enzymes like tryptase and chymase 

[111]. Histamine is one of the main drivers of the acute symptoms of allergy [17]. Mucosal 

mast cells are found along mucosal barriers such as the digestive and respiratory tracts and 

lack chymase [112]. Connective tissue mast cells are found in the skin and in organ serosa 

and contain chymase [110].  

ii.  Basophils  

Basophils are similar to mast cells and have similar functions during allergy [103, 

108, 113, 114]. They release histamine and heparin from intracellular granules upon 

antigen stimulation of IgE-bound FcŮR [114]. Mast cells are more abundant in connective 

tissues than basophils [103]. Basophils are the least abundant leukocyte in blood [115]. 

They develop in the bone marrow from granulocyte/monocyte progenitors, which develop 

from common myeloid progenitors [104, 115]. Unlike mast cells, basophils exit the bone 

marrow as fully developed cells [115].  

iii . Eosinophils  

Eosinophils are granulocytes that, under normal circumstances, respond to invasion 

from large parasites like helminthic worms [21]. During helminth infection and allergic 

responses, Th2 immunity is initiated via alarmins that result in secretion of IL-5 at the site 

of infection [19]. IL-5 enters the blood stream and signals the development of eosinophils 
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in the bone marrow [19]. The eosinophils enter the blood stream and travel to the site of 

infections [49]. They exit the blood in response to chemokines CCL11, CCL24, and CCL26 

(also known as Eotaxin 1, Eotaxin2, and Eotaxin3 respectively) that are secreted by cells 

proximal to infection [49, 116, 117]. Eosinophils act by releasing toxic granule proteins, 

MBP, EDN, and EPX [19]. Elevated eosinophil numbers is known as eosinophilia [118]. 

Eosinophilia can be detected in the blood during helminth infection and during allergic 

reactions [21]. Eosinophilia also manifests in the lungs during respiratory allergy reactions 

and is a common method of determining allergy induction in our experimental models 

[118, 119]. 

iv.  Dendritic Cells  

DCs are an pivotal link between the innate [68] and adaptive immune systems. DCs 

are professional antigen-presenting cells, and of all the professional APCs, DCs are the 

most efficient at presenting antigen. DCs exhibit great diversity in lineage, tissue 

specificity, and function [78]. In terms of lineage, DCs can be split into three groups: 

conventional DCs (cDCs), monocyte-derived DCs (moDCs), and plasmacytoid DCs 

(pDCs) [78]. cDCs are fully differentiated upon exit from the bone marrow but must be 

activated before they can present antigen [78]. Upon activation, cDCs upregulate the 

expression of MHCII to prepare for antigen presentation to the T cells [120]. In the lung, 

cDCs are subdivided into alveolar and resident based on the amount of MHCII present on 

the cell surface with alveolar cDCs expressing less MHCII and resident cDCs expressing 

high levels of MHCII [121, 122]. After antigen uptake, DCs migrate through lymph vessels 

to lymph nodes or through the blood to the spleen where they present antigen to naïve 

CD4+ T cells [66, 78, 120]. The type of cytokine produced by the DC determines the Th 
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subtype into which the T cell will develop [68, 80]. The types of cytokines produced by 

cDCs are determined by the transcriptional programs conferred by the transcription factors 

IRF4 and IRF8 [78]. IL-33 and IL-10 expression in lung cDC2 cells is dependent on IRF4 

and facilitates Th2 polarization [123]. IRF8 induces the transcription of Type 1 Interferons, 

which conducts naïve T cells toward Th1 development [124]. Thus, DCs play a critical role 

in determining the immune response and in allergy development. 

v.  Monocytes 

When monocytes exit the bone marrow, they still possess the potential to 

differentiate further [125]. Monocytes are derived from either MDPs or GMPs [126]. 

Monocytes disperse widely throughout the body and are one of the most common 

leukocytes found in peripheral tissues [125, 127]. Monocytes contribute inflammation by 

secreting inflammatory cytokines in response to cellular stress, but if they do not 

differentiate within about two days of leaving the bone marrow, they die and are removed 

from circulation [125-127]. Monocytes have great potential to specialize and diversify in 

response to specific types of inflammation or pathogenic insult [125, 127]. Monocytes that 

upregulate MHCII and specialize in antigen presentation are termed moDCs [125-127].  

vi. Macrpohages 

Monocytes that specialize in phagocytosis are blood-derived macrophages (distinct 

from tissue-derived Mūs that develop during embryonic development from the yolk sac) 

[126, 128]. Mūs are professional phagocytes, but they also contribute to the inflammatory 

process by secreting cytokines [64, 128, 129]. Macrophages are categorized as being M1 

or M2 [130, 131]. M1 Mūs secrete proinflammatory cytokines such as IFNɔ, IL-12, IL-

1ɓ, and TNFŬ [130-132]. M2 macrophages secrete the cytokines IL-10 and TGFɓ [133]. 
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These cytokines counteract the actions of the M1-secreted cytokines and suppress Th1-

associated inflammation, resolution of infection, and healing [133]. However, in the 

context of allergy, M2 Mūs produce histamine and the Th2-recruiting chemokine TARC 

[134, 135]. Therefore, in the context of allergy, M2 Mūs are pro-inflammatory. 

b. Lymphoid Cells 

Lymphoid cells are all the cells that arise from the Common Lymphoid Progenitors 

[104, 136]. These include T cells, B cells, NK cells, and some pDCs [104, 136, 137]. The 

T cells, B cells, and to an extent, NK cells make up the adaptive immune system [138-140]. 

T cells and B cells undergo an elaborate process called variable-diversity-joining (V(D)J) 

recombination, which gives rise to the stunning diversity of T cell receptors (TCRs) and B 

cell receptors (BCRs) [141]. Some NK cells undergo a form of genetic rearrangement to 

confer some antigen specificity as well [142]. pDCs are innate cells that are a major source 

of IFN-Ŭ and IFN-ɓ during viral infections [137, 143].  

i. T cells  

T cells are largely classified as helper T cells or cytotoxic T cells [144]. Other T 

cells exist such as innate lymphoid cells (ILCs), natural killer T cells (NKT), ɔŭ T cells, 

and mucosal-associated invariant T (MAIT) cells, but these cells undergo different 

selection processes and will not be discussed here [144]. Of all the T cells, the helper and 

cytotoxic T cells are the most abundant and the most well studied T cell subtypes [144]. 

Before developing into functional T cells, T cells leave the bone marrow in an immature 

form called the thymocyte [136, 145]. Thymocytes migrate through the blood to the thymus 

[145]. Before reaching the thymus, thymocytes do not express CD4 or CD8 [136, 145]. 

After entering the thymus, thymocytes begin expressing both CD4 and CD8 
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simultaneously and are considered ñdouble positiveò [145, 146]. Before committing to a 

particular fate, either CD4+ T helper cells or CD8+ cytotoxic T cells,  thymocytes must 

undergo the process of selection [145, 146]. A properly functioning T cell must have two 

unique properties: weak MHC binding and no binding to self-antigen [145, 147]. The 

process of selecting weak MHC binding is called positive selection, and cells that bind 

MHC too strongly or not at all are killed [145, 148]. The process of killing thymocytes that 

bind to self-antigen is called negative selection [145, 149]. Once positive and negative 

selection are complete, functional, though inactive, T cells either circulate or reside in 

secondary lymphoid organs until primed by an APC [145, 150].  

Though the T cells residing in secondary lymphoid organs are antigen specific, they 

are considered naïve until they experience antigen [150]. T cells experience antigen by 

having antigen presented by an MHC molecule on a professional APC [151, 152]. Helper 

CD4+ T cells have antigen presented by MHCII and are said to be Class II restricted [151]. 

Cytotoxic CD8+ T cells have antigen presented by MHCI and are said to be Class I 

restricted [152]. The process of antigen presentation, costimulation, and cytokine signaling 

is called T cell priming [153]. Once a T cell is primed, it is licensed to execute its effector 

functions.  Helper T cells function by secreting cytokines to hone the various Th immune 

responses [68, 77]. Once a pathogen is eliminated, some T cells will remain within the 

tissues as tissue resident memory cells [123]. This is a critical concept for allergy because 

tissue resident Th2 cells form a rapid response to allergen re-exposure [123]  .  

ii.  B cells  

B cells serve two important immune functions: antibody production and antigen 

presentation [154, 155]. Pre-B cells emerge from the bone marrow being committed to B 



 
20 

cell lineage, but still lacking full function [136, 156]. They express a B cell receptor (BCR) 

on their surface, which is specific for a single antigen [157] then these cells go through a 

process of selection in the bone marrow that kills B cells that might eventually make 

antibodies against antigens normally produced by the host animal [156]. This process of 

negative selection provides protection from autoimmune diseases that would result if an 

autoreactive B cell were to survive further [156]. Emerging from the bone marrow are 

naïve B cells that migrate from the bone marrow to a peripheral lymphoid organ such as 

the spleen or lymph nodes [155]. The B cells wait there for two cues to mature, antigen and 

cytokine stimulation [155]. Unlike T cell receptors, BCRs can bind to their cognate antigen 

without being bound to any other molecule like MHC [158]. Antigen binding the BCR 

triggers two events in the B cell: internalization of the antigen and processing for MHCII 

loading and the process of antibody production [158]. An antibody is merely a solubilized 

form of the BCR, and upon activation by the appropriate cytokines, B cells undergo the 

processes to produce antibodies [159]. B cells undergo class switching to generate the 

antibody isotype appropriate for the particular immune response [157, 160]. B cells then 

undergo affinity maturation in which the B cells with the highest affinity antibodies are 

selected for clonal expansion [161]. A B cell that produces high affinity antibodies matures 

into long lived plasma cells [162]. Plasma cells migrate to the bone marrow and can 

produce antibodies for long periods of time, sometimes for the rest of an individualôs life 

[162]. Allergies can persist indefinitely because of constant allergen-specific IgE 

production by plasma cells [163].  
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C. Summary  

Allergies, and allergic asthma in particular, are a significant burden both on 

individual sufferers and on our broader society [1]. Allergies often develop early in life, 

and allergic asthma is a prevalent childhood disease [2]. Particularly disturbing is the 

upward trend asthma incidence. From year 2001 to 2021, asthma incidence in the United 

States for all ages increased from 7.4% to 7.7% [1]. Though this seems small, for the entire 

U.S. population, that is an additional 4.7 million people with asthma over a 20-year span. 

Though this upward trend is unsettling, advances in treatment of asthma do provide hope. 

To exemplify this hope, within the same 20-year time frame from 2001 to 2021, the 

percentage of children with asthma who had a reported asthma attack in the previous year 

decreased from 61.7% to 38.7% [1]. In addition, decreases in the number of asthma-

associated emergency department visits (62.6 per 10,000 in population decrease to 29.8 per 

10,000), hospitalizations (13.0 per 10,000 in population decrease to 2.9 per 10,000), and 

deaths (15.0 per million in population decrease to 10.6 per million) suggest that modern 

asthma treatment strategies alleviate some of the burden of the disease [1]. Nonetheless, 

asthma is a burdensome disease, especially in children. Besides the inherent danger of 

asthma, common comorbidities include anxiety, depression, and sleep disorders [164]. 

Systemic corticosteroids, which are sometimes required for management of asthma, 

include common side effects of obesity, mood swings, and increased risk of infections 

[165]. The symptoms, comorbidities, and treatment complications associated with asthma 

are unacceptable.  

Allergic asthma is the most common type of asthma in children [1]. By 

understanding the cellular mechanisms of allergy, we can develop strategies to break the 
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progression of allergy development. Furthermore, the theme of this thesis is more about 

allergy prevention than curing allergies that already exist. The quote ñAn ounce of 

prevention is worth a pound of cureò, though quipped by Benjamin Franklin speaking of 

house fires, has been widely adopted by the medical field and is appropriate here [166]. 

My research is focused on maternal/fetal and maternal/newborn immune interactions. By 

breaking the process of allergy development early in life children will be offered a greater 

chance of living allergy free.  

Throughout the first chapter, I described the background knowledge that is not only 

required to understand this thesis, but to understand the allergic response in general. The 

background information provided in the first chapter can be found in most immunology 

textbooks. Chapter 2 is also exclusively background information, but it is not the type of 

general knowledge generally found in textbooks. Instead, Chapter 2 is a dive into the 

primary literature that will set up my specific research questions.  

Allergies are a disorder of Th2 immunity [167]. Multiple cell types in the innate 

and adaptive immune system cooperate to generate an allergic response [167]. Tissue 

damage caused by helminthic parasite infection induces a Th2 response and bears many 

similarities to allergen sensitization [41]. Alarmins such as IL-33 initiate the allergic 

response [58]. IRF4+ DCs prime naïve T helper cells into IL-4 and IL-13-secreting Th2 

cells [168]. Th2 cytokines induce IgE class switching by B cells [73]. Circulating IgE binds 

to mast cells and basophils causing them to release histamine upon future allergen exposure 

[108, 111, 114]. Research conducted by ourselves and others has pointed to maternal 

factors that cause allergen hyperresponsiveness in their children [119, 169-171]. 
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Figure 1. Th2 Immunity. Allergy is a disorder of Th2 immunity. 1. Allergens like 

house dust mite cause tissue damage, often through secreted proteases [87]. 2. IL-

33 is released by damage-induced lysis or Gasdermin D-mediated secretion from 

epithelial cells [31, 57]. 3. DCs recognize the damage, phagocytose the local 

antigens and allergens, and present those as antigens to CD4+ T helper cells [68]. 

4. The T cells become activated, primed, and polarized based on the types of 

signals received from the antigen presenting cell [68, 69]. IL-4 is one of the 

definitive cytokines secreted by the Th2 cell [69]. 5. IL-5 is also a definitive Th2 

cytokine that activates and recruits eosinophils [70]. 6. One function of IL-13 is 

to induce goblet cell hyperplasia resulting in increased mucous production [58]. 

 

Figure 1 



 
24 

Chapter 2: A model of neonatal allergen hyperresponsiveness 

 

A. The rationale for maternal effect 

Several factors influence allergy development in children such as genetics and 

environmental factors like pollution [5, 167, 172]. Another risk factor for developing 

allergies is having a mother who has allergies, and this is the main risk factor being studied 

here [25]. According to a metanalysis conducted in 2009, children born to asthmatic 

mothers are approximately 3.04 times more likely to develop asthma than children born to 

non-asthmatic mothers [25]. By contrast, children born to asthmatic fathers are 2.44 times 

more likely to develop asthma compared to children born to non-asthmatic fathers [25]. 

This finding is logical since children obviously share any predisposing genes with their 

parents. Likewise, since parents and their children live in the same homes, they share the 

same environmental conditions, pollutants, allergens, etc. Yet, the key finding in the 

metanalysis was the disparity in risk between the asthma state of the mothers versus the 

fathers [25]. Since the mother and child share far more physical interactions during 

gestation and nursing than father and child, it was hypothesized that some non-genetic 

maternal factor or factors must be responsible for the allergen hyperresponsiveness in their 

offspring [25].  

B. Modeling neonatal allergen hyperresponsiveness in mice 

Prior to the performance of the 2009 metanalysis, a mouse model was created that 

elegantly demonstrated a true non-genetic and non-environmental link between allergic 

mothers and neonatal allergen hyperresponsiveness [169]. In this model, allergy was 

induced in breeding-age female Balb/c mice via two i.p. injections with Ova/alum at 10 

day intervals followed by three rounds of nebulized 3% Ova/Saline spaced at 4 week 
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intervals [169]. As a control, sham allergy induction was performed in fertile females of 

the same strain and bred in the same way [169]. Three days postpartum, pups were 

sensitized with a single dose of Ova/alum, and 12-14 days postpartum, pups were exposed 

to nebulized ova on 3 consecutive days [169]. This is considered a suboptimal allergen 

sensitization because typically, two doses of ova/alum are required to induce allergy [169]. 

The investigators observed that despite suboptimal allergen sensitization, pups born to 

allergic mothers developed classic signs of allergic asthma such as lung eosinophilia, 

methacholine-induced airway hyperresponsiveness, and elevated serum levels of Ova-

specific IgE [169]. Pups born to non-allergic mothers were subjected to the same 

suboptimal allergen sensitization and challenge regime, but they did not develop signs of 

allergic asthma [169]. By using inbred allergic mothers, the authors were able to rule out 

the contribution of genetics to neonatal allergen hyperresponsiveness because inbred mice 

are almost genetically identical [169]. Similarly, the authors ruled out differences in 

environmental factors and pollutants because, being reared in the same colony, the mice 

had similar environmental exposures [169]. Our group has recapitulated these findings in 

C57BL/6 mice with the same result [119, 171, 173-175]. The model has been in use for 25 

years across multiple institutions, reinforcing the notion that the allergy state of the 

mothers, not genetic or environmental factors, is responsible for the observed neonatal 

allergen hyperresponsiveness [119, 169, 171, 174, 175]. This discovery suggested that 

indeed, something must be shared between the mother and her offspring during early 

gestation and/or early life since the pups were allergen sensitized at three days of age [169]. 
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C.  Lessons learned from modeling neonatal allergen hyperresponsiveness in mice  

The model of neonatal allergen hyperresponsiveness just described was first 

published in 2003 [169]. Since then, multiple important discoveries have been made using 

this model, providing insights into early life immune system development [119, 169-171, 

174-177]. Hamada et al, showed in subsequent studies that the maternal effect was not due 

to an adaptive immune response such as transferred from mother to offspring [169]. 

Instead, the maternal effect was found to be facilitated by DCs, a key linker cell between 

the innate and adaptive arms of immunity [170]. Under the guidance of my mentor, Dr. 

Joan Cook-Mills, previous members of our group showed the importance of lipids in 

facilitating or inhibiting the maternal effect [119, 174, 175]. First, Abdala-Valencia, et al, 

showed that lipid soluble ŬTocopherol blocked the maternal effect, and ɔTocopherol 

facilitated the maternal effect [174, 175]. Walker, et al, showed that maternal ß-GlcCers 

were necessary and sufficient for neonatal allergen hyperresponsiveness [119]. Lajiness, et 

al, showed one mechanism of ß-GlcCers action through PKC-ŭ being required for neonatal 

allergen hyperresponsiveness [171]. These findings make up the background of my work. 

1. Mother/neonate allergen mismatch 

Antibodies are protective proteins produced by the immune system [10]. 

Antibodies are highly specific for their target antigens, and some of them, such as IgE and 

IgG1, are involved in allergic responses [97, 178, 179]. IgG antibodies generated by the 

mother cross to the fetus by binding to FcRn on the placental syncytiotrophoblast [180]. 

This provides the fetus and neonate with protective passive immunity against pathogens 

[180]. Passive antibody-mediated immunity is a well-known mechanism that could explain 

neonatal allergen hyperresponsiveness. However, experiments with the mouse model of 
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neonatal allergen hyperresponsiveness suggest that maternal allergen does not have to 

match the allergen of their neonates in order to observe allergen hyperresponsiveness in 

the neonates. 

The experiment to test this hypothesis is simple: sensitize and challenge the mother 

to one allergen and sensitize and allergen challenge the pups with a different, unrelated 

allergen and then test for allergen hyperresponsiveness in the pups [169]. Hamada, et al, 

performed this by inducing maternal allergy against chicken ovalbumin and testing 

neonatal allergen hyperresponsiveness to bovine casein [169]. By showing that pups born 

to Ova-allergic mothers were hyperresponsive to casein, the authors demonstrated that the 

adaptive response to the allergen was not required for allergen hyperresponsiveness in 

neonates [169]. Others have recapitulated this finding, showing that pups born to ova-

allergic mothers have increased allergic sensitivity to house dust mite [171]. Therefore, 

mechanisms other than antigen-specific antibodies or allergen crossing the placenta were 

responsible for neonatal allergen hyperresponsiveness. 

2. DCs are sufficient for neonatal allergen hyperresponsiveness 

Having ruled out adaptive responses as an explanation for neonatal allergen 

hyperresponsiveness, Fedulov, et al. questioned whether innate immunity was altered in 

pups born to allergic mothers and sufficient to induce allergen hyperresponsiveness [170]. 

Fedulov, et al. hypothesized that professional antigen presenting cells, such as 

macrophages or DCs, from pups born to allergic mothers were sufficient to induce allergen 

hyperresponsiveness in neonates [170]. To test this hypothesis, the investigators isolated 

splenic CD11c- DCs, CD11c-/CD11b+ macrophages, or CD4+ T cells from pups born to 

allergic mothers and pups born to non-allergic mothers [170]. Cells were adoptively 
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transferred to pups born to non-allergic mothers to compare their effects on neonatal 

allergen hyperresponsiveness [170, 176]. They found that when splenic DCs from pups 

born to allergic mothers were adoptively transferred to pups born to non-allergic mothers, 

the DCs were sufficient to induce allergen hyperresponsiveness [170]. This effect was not 

observed when splenic macrophages or T cells were adoptively transferred [170]. This also 

did not occur when splenic CD11c+ DCs were depleted prior to adoptive transfer [170]. 

This suggests that splenic CD11c+ DCs are necessary and sufficient for allergen 

hyperresponsiveness in neonates [170]. In conjunction with this finding, the authors 

showed that alterations in the CpG methylation state of multiple genes in DCs was 

associated with maternal allergy state, but no significant differences in global transcription 

profiles were associated with maternal allergic state [170]. The DCs from pups born to 

allergic had higher antigen presentation activity and were able to induce higher levels of 

IL-4 production by T cells. This suggested that, despite the lack noticeable global gene 

transcription, DCs are functionally altered in pups born to allergic mothers compared to 

pups born to non-allergic mothers [170]. Though the functional differences in DCs from 

pups born to allergic mothers were apparent, a detailed mechanism to describe how those 

DCs became altered was not found [170]. Though epigenetic alterations correlated with 

altered DC function, the experimentation needed to test the necessity or sufficiency of 

epigenetic alterations were not conducted [170].  

3. Maternal lipids influence neonatal allergen hyperresponsiveness 

The findings of Fedulov, et al suggest that the DCs from pups born to allergic 

mothers are different from the DCs from the pups born to non-allergic mothers [170]. The 

specific differences in DC subsets were not evaluated, perhaps because the concept of 
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cDC1 and cDC2 subsets was still in its infancy at the time of publication. Furthermore, the 

underlying mechanism to explain why the DCs from pups born to allergic or non-allergic 

mothers were altered remained mysterious, though epigenetic alterations in the DC genome 

may be implicated [170]. Previous members of our own research team began to pursue 

lipids as mediators of maternal-induced neonatal allergen hyperresponsiveness for several 

reasons. Firstly, lipids readily cross the placenta from mother to fetus via carrier proteins 

such as apolipoprotein [181]. Secondly, pro-inflammatory and anti-inflammatory lipids are 

known mediators of allergic disease [182-184]. One of the first lipids under investigation 

by our group were tocopherols. Tocopherols are a class of lipid soluble vitamins that 

includes Vitamin E (Ŭ Tocopherol) [185]. Tocopherols are structurally diverse and can be 

pro-inflammatory or anti-inflammatory depending on their structure [185-187]. A distinct 

example of divergent functions of structurally distinct Tocopherols in allergic airway 

disease is between Ŭ-Tocopherol and ɔ-Tocopherol. Maternal dietary supplementation of 

Ŭ-Tocopherol inhibits neonatal allergen hyperresponsiveness, and ɔ-Tocopherol 

exacerbates neonatal allergen hyperresponsiveness [174, 175, 188]. 

The other major class of lipids under investigation in our lab is sphingolipids, 

especially ɓGlcCers and ɓ-Lactosylceramides (ɓLacCers). ɓGlcCers and ɓLacCers are 

interesting because our lab discovered that these lipids were elevated in allergic mothers 

[119]. Further investigation showed that when ɓGlcCers were injected subcutaneously in 

pregnant and nursing mothers, they were sufficient for neonatal allergen 

hyperresponsiveness [119]. Additionally, when elevated ɓGlcCers in allergic mothers were 

reduced to normal levels using the ɓGlucosylceramide synthase inhibitor, P4RR, neonatal 

allergen hyperresponsiveness was blocked [119]. This suggested that ɓGlcCers were 
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necessary for neonatal allergen hyperresponsiveness [119]. ɓGlcCers were further shown 

to act through PKCŭ signaling to induce neonatal allergen hyperresponsiveness [171]. 

Administration of ŬTocopherol blocked ɓGlcCers-induced alterations in multiple DC 

subtypes by inhibiting PKCŭ signaling in these cells [171].  

D. Summary 

Children born to allergic mothers are more likely to develop allergies than children 

born to non-allergic mothers [176]. This effect has been modeled in mice, and I have 

described here several important findings have been made using this model [169, 176]. 

These descriptions are meant to show what is known and available in the literature and to 

lay out what is unknown and needed. For example, the maternal allergen does not have to 

be the same as the neonatal allergen for neonatal allergen hyperresponsiveness [169]. DCs 

are altered in mouse pups born to allergic mothers and are sufficient to confer allergen 

hyperresponsiveness in neonates [170]. The authors who reported this finding also showed 

an association with DNA CpG methylation [170]. The dietary lipid ŬTocopherol protects 

pups from allergen hyperresponsiveness [174, 187], and ɔTocopherol exacerbates allergen 

hyperresponsiveness [175, 187, 188]. Maternal ɓGlcCers are necessary and sufficient for 

neonatal allergen hyperresponsiveness [119, 171]. ɓGlcCers activity forms the main 

subject of this thesis as I have sought to identify mechanisms of action of this class of lipids 

during hematopoiesis and lung microbiota colonization. The work presented in Chapter 3 

describes the experiments I performed to elucidate the function of ɓGlcCers in neonatal 

allergen hyperresponsiveness.  
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Chapter 3: Maternal  ß-Glucosylceramides alter neonate hematopoiesis 

 

A. Introduction  

Allergic mother mice are known to have elevated plasma levels of ɓGlcCers [119]. 

ɓGlcCers are membrane sphingolipids that can be released into the extracellular space via 

both regulated and unregulated mechanisms [43, 189]. The regulated mechanisms of 

ɓGlcCers release include secretion and ETosis [190, 191]. Secretion takes place when 

ɓGlcCers-loaded apolipoprotein is secreted from cells by an ABC transporter such as 

ABCC10 or ABCA1 [191]. ETosis is a type of programmed cell death in which cells, 

especially granulocytes like neutrophils and eosinophils, lyse and release their DNA and 

other cell contents [190, 192]. The released contents serve as extracellular traps (ETs) that 

ensnare extracellular microbes [192]. Unregulated release of ɓGlcCers occurs when cells 

lyse, either as a result of cell damage or pathogen-induced lysis [44, 189, 190]. 

Once released from cells, ɓGlcCers act as immunostimulatory signaling molecules 

[44]. ɓGlcCers are known to signal through a C-type lectin receptor called macrophage 

inducible C-type lectin receptor (Mincle) [44, 45, 190]. Upon ligand binding, Mincle 

interacts with the FcRɔ through a necessary arginine residue in the Mincle transmembrane 

domain [193]. FcRɔ possesses immunoreceptor tyrosine-based action motifs (ITAMs) on 

the cytoplasmic tail that, when phosphorylated, recruit spleen tyrosine kinase (Syk) [194]. 

Syk in turn activates a signaling intermediate called the CARD9 complex, which then 

activates NfəB [195]. NfəB activates the transcription of immunomodulatory chemokines 

and cytokines [196]. ɓGlcCers signaling through Mincle modulates the function of several 

cells including Mūs, neutrophils, and DCs [44, 46, 190, 197]. However, it is unknown 
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whether Mincle is expressed by hematopoietic precursors or whether Mincle signaling 

occurs during hematopoiesis. 

Fetuses and pups born to allergic mothers have altered DC populations [119, 174]. 

Specifically, conventional DC numbers were elevated in fetal livers from fetuses of allergic 

mothers, and inflammatory (monocyte-derived) DCs were unaffected [119, 174]. As 

previously discussed in Chapter 2, DCs from pups born to allergic mothers were sufficient 

for neonatal allergen hyperresponsiveness, and those DCs had an altered chromatin CpG 

methylation profile [170]. Though these epigenetic differences were correlated with 

functional differences in DCs from pups born to allergic mothers correlated, no mechanistic 

signaling differences were noted in the Fedulov paper [170]. After the publication of that 

paper, expression of the transcription factor, IRF4, in DCs was found to be necessary for 

the development of allergy [168, 198]. Deletion of floxed IRF4 under CD11c-driven Cre 

expression was used to show that IRF4 was required in DCs for the development of allergy 

in adult mice [168]. In DCs, IRF4 induces the expression of IL10 and IL33, which drive 

differentiation of naïve CD4+ T cells to the Th2 type [123, 168]. IRF4, along with the 

transcription factor KLF4, are markers used to subclassify DCs as DC2 [198-200]. KLF4 

and IRF4 are both expressed during hematopoietic differentiation, and IRF4 is expressed 

in conventional DCs before emergence from the bone marrow [198, 200, 201]. As 

described, cDCs are altered in pups born to allergic mothers, but whether those cells are of 

the IRF4+ DC2 subtype is unknown [119, 174]. Furthermore, Mincle is known to be 

expressed in ɀūs, DCs, and neutrophils [46, 190, 194]. However, the timing of Mincle 

expression during hematopoiesis and the function of Mincle in hematopoietic subsets has 

not been established. Since bone marrow-derived cDC numbers were increased in pups 
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born to allergic mothers, I hypothesized that hematopoiesis was altered in pups born to 

allergic mothers. I further hypothesized that ɓGlcCers signal through Mincle during 

hematopoiesis in pups to increase IRF4+ cDC numbers.  

It was found that hematopoiesis is altered in pups born to allergic mothers and that 

Mincle expression was initiated during the multipotent progenitor stage of hematopoiesis. 

Maintenance on allergic mothers was required to maintain the neonatal allergen 

hyperresponsiveness phenotype after bone marrow transplant. In vitro, ɓGlcCers signaling 

through Mincle was necessary and sufficient to alter hematopoiesis and increased IRF4+ 

DC numbers. In vivo, maternal ɓGlcCers were sufficient to induce IRF4+ cDC numbers 

fetal livers. Lungs from pups born to allergic mothers had elevated numbers of IRF4+ 

alveolar cDCs, and lung DCs from pups born to allergic mothers were sufficient to induce 

allergen hyperresponsiveness after in vitro allergen pulsing the DCs and transferring to the 

lungs of normal, allergen naïve pups. 

B. Results 

1. Hematopoiesis is altered in pups born to allergic mothers. 

Ova allergy sensitization and airway Ova challenge was performed in adult female 

mice (Figure 2A). Bone marrow cells were harvested from 10 day old pups and 

immunolabeled as in Figure 3. Bone marrow from pups born to allergic mothers had 

decreased numbers of ST-HSC (Figure 2 B&C). Bone marrow from pups born to allergic 

mothers had increased numbers of GMP and MDP (Figure 2 B&C). The observed increase 

in CLP and decrease in CDP were observed for this experiment only and were not 

replicated in other experiments so the effect of maternal allergy on neonatal CLP and CDP 

are inconclusive (Figure 2 B&C). For an unbiased approach, principal component analysis 
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was applied to the gated hematopoietic cell types graphed in Figure 2C.  Distinct clusters 

were observed between pups born to allergic mothers and pups born to non-allergic 

mothers, especially along principal component 1, which accounted for 42.4% of variance 

(Figure 2D). These results suggest that hematopoiesis is altered in pups born to allergic 

mothers. 
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Figure 2. Hematopoiesis is altered in pups born to allergic mothers. (A) Adult 

female mice were allergen sensitized with intraperitoneal Ova/Alum twice at a 

ten- day interval. Three rounds of three daily airway 3% Ova/saline challenge were 

administered at 4-week intervals, and mother mice were bred immediately after 

the third round of allergen challenge. Pups were not allergen sensitized or 

challenged. (B) Bone marrow hematopoietic progenitor cells were gated as in 

Figure 3. (C) Significant differences were observed in ST-HSC, GMP, MDP, 

CDP, and CLP populations (n=6-7 per group. Wilcoxon Rank Sum test, *=p<0.05, 

**=p<0.01, ***=p<0.001). PCA was computed with R function óprincompô.  
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Figure 3. Gating strategy for bone marrow hematopoietic stem and progenitor cells. 

Points in black are from pups born to non-allergic mothers. Points in red are from 

pups born to allergic mothers.  
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2. Maternal factors are required to maintain allergen hyperresponsiveness after 

neonatal bone marrow transplant.  

To test whether alterations in hematopoietic stem cells was sufficient to maintain neonatal 

allergen hyperresponsiveness, I performed neonatal bone marrow transplants (Figure 4). 

Bone marrow from pups born to allergic mothers was transplanted into lethally irradiated 

pups born to non-allergic mothers and vice versa. Lung eosinophilia and CCL24 gene 

expression were used to determine allergic sensitization (Figure 5 A&B ). Full body 

irradiation did not induce allergen hyperresponsiveness in pups born to non-allergic 

mothers when bone marrow was reconstituted from pups born to non-allergic mothers as 

seen in the Saline into Saline group (Figure 5B). Full body irradiation did not ablate 

allergen hyperresponsiveness in pups born to allergic mothers when bone marrow was 

reconstituted from pups born to allergic mothers as seen in the Ova Ą Ova group (Figure 

5B). Interestingly, when bone marrow was transplanted from pups born to non-allergic 

mothers into pups born to allergic mothers, allergen hyperresponsiveness was maintained 

in the bone marrow recipient as seen in the Saline Ą Ova group (Figure 5B). When bone 

marrow was transplanted from pups born to allergic mothers to pups born to non-allergic 

mothers, allergen hyperresponsiveness was not maintained as seen in the Ova Ą Saline 

group (Figure 5B). One explanation is that allergen hyperresponsiveness occurs 

independently of the bone marrow compartment. Alternatively, we hypothesized instead 

that maternal factors, were required to maintain altered hematopoiesis necessary for 

neonatal allergen hyperresponsiveness. To test this, we performed bone marrow transplants 

as previously and cross fostered the bone marrow recipients on mothers that received the 

same allergen sensitization or sham treatment as the bone marrow donors (Figure 4). When 
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bone marrow was transplanted from pups born to allergic mothers to pups born to non-

allergic mothers and then cross fostered back onto allergic mothers (Ova Ą Saline Ova-

fostered group), allergen hyperresponsiveness was observed (Figure 5B). When bone 

marrow was transplanted from pups born to non-allergic mothers to pups born to allergic 

mothers, and then cross fostered onto non-allergic mothers, allergen hyperresponsiveness 

was not observed as seen in the Saline Ą Ova Saline-fostered group (Figure 5B). These 

data suggest that hematopoietic cells from pups born to allergic mothers are sufficient to 

induce allergen hyperresponsiveness, but only if maintained on allergic mothers consistent 

with a postnatal maternal effect. 
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Figure 4. Schematic for bone marrow transplants. Shown is the strategy for the Ova 

Ą Saline group and the Ova Ą Saline Ą Ova cross foster group. Other groups 

include Saline Ą Saline (negative control), Ova Ą Ova (positive control), Saline Ą 

Ova, and Saline Ą Ova Ą Saline cross foster.  

Figure 4 



 
41 

 

 

 

 

 

 

 

Figure 5 
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3. Mincle is expressed in hematopoietic stem cells and initiates a cellular response to 

ɓGlcCers.  

Ova allergy sensitization and airway Ova challenge was performed in adult female mice as 

in Figure 3A. Mincle expression was first observed at the multipotent progenitor stage of 

hematopoiesis and was observed at levels greater than seen in LT-HSCs in all stages of 

development (Figure 6). Whether cells were obtained from pups born to allergic mothers 

or pups born to non-allergic mothers did not affect the level of Mincle expression in each 

cell type (Figure 6). 

Figure 5. Hematopoietic cells from pups born to allergic mothers are sufficient to 

induce allergen hyperresponsiveness if maintained on allergic mothers. Bone marrow 

transplants were performed as in Figure 3. (A) BAL cells were attached to microscope 

slides via cytospin, stained with hematoxylin and eosin, and enumerated via 

differential cell count. BAL eosinophils were elevated in non-irradiated pups born to 

allergic mothers compared to non-irradiated pups born to non-allergic mothers. BAL 

eosinophils were elevated in Ova Ą Ova, Saline Ą Ova, and Ova Ą Saline Ą Ova 

groups compared to Saline Ą Saline group. (B) CCL24 gene expression was 

evaluated via qRT-PCR. CCL24 cT values were normalized to GAPDH cT. ȹȹcT 

values were calculated by comparison to the average ȹcT of the Saline Ą Saline 

group. n=5-21 per group. Statistics were determined via Wilcoxon Rank Sum test with 

Benjamini-Hochberg correction for multiple comparisons (*=p<0.05, **=p<0.01, 

***=p<0.001).  
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Figure 6. Mincle is expressed in hematopoietic stem cells. Mother mice were 

sensitized and challenged with Ova as in Figure 1A. Bone marrow was collected 

from pups at postnatal day 10. Black bars are from pups born to non-allergic 

mothers. Red bars are from pups born to allergic mothers. Cells were stained and 

gated as in Figure 2. Data are expressed as geometric mean fluorescence intensity 

of Mincle expression. Statistical comparisons were between pups born to non-

allergic mothers. Statistics: n=6-7 per group. Wilcoxon Rank Sum Test *** = 

p<0.001 with Benjamini-Hochberg correction for multiple comparisons. Error 

bars = s.e.m. 
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To test the effect of ɓGlcCers on hematopoiesis, bone marrow cells were cultured 

in the presence of GM-CSF and Flt3 Ligand for 6 days in the presence of ɓGlcCers and/or 

a Mincle blocking antibody. ɓGlcCers increased the total numbers of CMPs and MDPs, 

and the Mincle blocking antibody inhibited this effect (Figure 7A). IRF4 and KLF4 are 

both transcription factors that are involved in hematopoietic cell fate determination and are 

both markers of DC2 cells. KLF4+ CMP cells were increased after ɓGlcCers treatment, 

which was inhibited by anti-Mincle blocking antibody treatment (Figure 7 B&C). IRF4+ 

MDP cells were increased after ɓGlcCers treatment, which was inhibited by anti-Mincle 

blocking antibody treatment (Figure 7B). Mincle is known in macrophages to upregulate 

its own expression upon stimulation, and this was observed in CMP and MDP cells under 

ɓGlcCers treatment (Figure 7D). This suggests that Mincle is expressed in hematopoietic 

cells and is required for IRF4 expression in DC precursors in vitro. 

Under the given treatment conditions and time course, CDPs and DCs did not 

develop in meaningful quantities in 6-day cultures and did not yield statistically significant 

results between treatment groups. Therefore, experiments were performed in 9-day cultures 

to study DC development under ɓGlcCers treatment and Mincle inhibition (Figure 9A). 

DC populations were gated as in Figure 8. ɓGlcCers had no effect on Ly6C+ 

Inflammatory-like moDCs (Figure 8B). Total and IRF4+ Alveolar-like and Resident-like 

bone marrow-derived cDCs were elevated when cultured with ɓGlcCers, and this effect 

was inhibited by treatment by Mincle inhibition (Figure 8 C&D). This suggests that 

ɓGlcCers signaling through Mincle is necessary and sufficient for IRF4+ cDC 

development in vitro. 
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 Figure 7. ɓGlcCers signaling through Mincle is necessary and sufficient to alter 

hematopoietic precursor cell populations. Bone marrow cells were harvested from 

10 day old mouse pups and cultured for 6 days with GM-CSF and Flt3 ligand. Cell 

populations were gated as in Figure 2. (A) CMP and MDP cells were increased in 

response to ɓGlcCers treatment, and this effect was blocked by ŬMincle antibody. 

(B) IRF4+ cell counts were increased in MDPs when treated with ɓGlcCers, which 

was blocked by ŬMincle antibody treatment. (C) KLF4+ cell counts were increased 

in CMPs when treated with ɓGlcCers, which was blocked by ŬMincle antibody 

treatment. (D) Mincle+ cell counts were increased in both CDPs and MDPs when 

treated with ɓGlcCers, which was blocked by ŬMincle antibody. n=6-7 per group. 

Statistics were determined via Wilcoxon Rank Sum Test with Benjamini-Hochberg 

correction for multiple comparisons (*=p<0.05, **=p<0.01). 
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Figure 7 
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IRF4 

Mincle 

and/or CD80

Figure 8 

Figure 8. Gating strategy for lung and bone marrow DCs. 

Singlet cells were gated on size and granularity. Live cells are 

Zombie Aqua-. Resident cDC: CD45+, CD11b+, CD11c+, 

Ly6C-, MHChi | Alveolar cDC: CD45+, CD11b+, CD11c+, 

Ly6C-, MHClo | Inflammatory moDC: CD45+, CD11b+, 

CD11c+, Ly6+, MHChi | pDC: CD45+, CD11-, CD11c+, 

PDCA+ | CD103+ cDC: CD45+, CD11b-, CD11c+, CD103+ | 

CD11b- Alveolar DCs: CD45+, CD11b, CD11c+, 

Autofluorescencelo | CD11b- Alveolar Macrophages: CD45+, 

CD11b-, CD11c+, Autofluorescencehi. Populations were then 

gated for IRF4 and Mincle. 

4
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Figure 9 
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Figure 9. ɓGlcCers signaling through Mincle is necessary and sufficient to alter 

BMDC populations. Bone marrow cells were harvested from 10-day old mouse pups 

and cultured for 9 days with GM-CSF. Cells were gated as in Figure 7. (A) ɓGlcCers 

treatment and ŬMincle antibody had no effect on Inflammatory-like moDCs or IRF4+ 

cell counts in these cells. (B) Alveolar-like and Resident-like cDC numbers were 

increased when treated with ɓGlcCers, which was blocked by ŬMincle antibody 

treatment. (C) IRF4+ cell counts were increased in Alveolar-like and Resident-like 

cDCs when treated with ɓGlcCers, which was blocked by ŬMincle antibody 

treatment. n=6-7 per group. Statistics were determined via Wilcoxon Rank Sum Test 

with Benjamini-Hochberg correction for multiple comparisons (*=p<0.05, 

**=p<0.01). 
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4. Maternal ɓGlcCers increase fetal IRF4+ cDCs. 

ɓGlcCers originating in the mother are known to be sufficient to induce allergen 

hyperresponsiveness in offspring [119]. Female mice were injected daily with ɓGlcCers 

during gestation, and offspring fetal livers were analyzed via flow cytometry (Figure 10A). 

Cells were gated as in Figure 10. An increased number of IRF4+ Alveolar-like DCs were 

present in fetal livers when the mothers were injected with ɓGlcCers compared to vehicle 

Figure 10. Maternal ɓGlcCers increase fetal  IRF4+ cDCs. Pregnant mice were 

injected daily with ɓGlcCers or vehicle (ECO) starting at gestational day 10. Fetal 

livers were collected at gestational day 18 and prepared as single cell suspensions. 

Cells were immunolabeled for flow cytometry as in Figure 8. Liver cells from fetuses 

of mothers injected with ɓGlcCers had increased numbers of IRF4+ Alveolar-like 

cDCs. N=8 Wilcoxon Rank sum test. ** = p<0.01.  

Figure 10 
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controls (Figure 10B). This suggests that maternal ɓGlcCers are sufficient to increase fetal 

IRF4+ DC numbers. 

5. Lung DCs from pups born to allergic mothers are sufficient to induce allergen 

hyperresponsiveness. 

Previous adoptive transfer studies used splenic DCs but not lung DCs from pups born to 

allergic mothers. To test whether altered DCs from the lung were sufficient to induce 

allergen hyperresponsiveness, lung DCs were transferred from pups born to allergic 

mothers into the lungs of pups born to non-allergic mothers (Figure 11A). To test whether 

the donor DCs were required for heightened allergen sensitization, donor DCs were pulsed 

with Ova in vitro prior to lung transfer.  Ten days after transfer, pups were airway allergen 

challenged. Pups receiving DCs from pups born to allergic mothers had increased BAL 

eosinophil counts after allergen challenge (Figure 11B). Donor lungs from pups born to 

allergic mothers had increased numbers of IRF4+ Alveolar cDCs compared to lungs from 

pups born to non-allergic mothers (Figure 12). These data suggest that IRF4+ cDCs are 

increased in pups born to allergic mothers, and lung DCs from pups born to allergic mothers 

are sufficient to induce allergen hyperresponsiveness.  
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Figure 10
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Figure 11. Ova-pulsed lung DCs from pups born to allergic mothers are sufficient 

for allergen hyperresponsiveness. (A) Schematic of Lung DC Transfer. DCs were 

isolated from single cell lung suspension via CD11c positive magnetic selection 

from 10-day old pups. DCs were pulsed in vitro with Ova peptide. Ova-pulsed DCs 

were transferred intratracheally to recipient pups born to non-allergic mothers at 

400,000 DCs per pup. Airway Ova challenge was administered 10 days later. Shown 

is the Ova Ą Saline group. Other groups included Saline Ą Ova, No transfer Saline, 

and No transfer Ova. (B) BAL cells were attached to microscope slides via cytospin, 

stained with hematoxylin and eosin, and enumerated via differential cell count. BAL 

eosinophils and monocytes were elevated in non-irradiated pups born to allergic 

mothers compared to non-irradiated pups born to non-allergic mothers. n=4-8. 

Statistics were determined via Wilcoxon Rank Sum Test with Benjamini-Hochberg 

correction for multiple comparisons (*=p<0.05, **=p<0.01). 
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Figure 12 Figure 12. IRF4+ Alveolar-like cDC 

cell counts are increased in pups when 

their moms were injected with 

ɓGlcCers. Cells were gated as in 

Figure 7. n=4-8. Statistics were 

determined via Wilcoxon Rank Sum 

Test with Benjamini-Hochberg 

correction for multiple comparisons 

(*=p<0.05, **=p<0.01, 

***=p<0.001). 
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Figure 13. Model of maternal ɓGlcCers action on pup hematopoiesis. 1. Model of 

hematopoiesis. Cells in grey were found to express Mincle. 2. Maternal ɓGlcCers are 

transferred to pups during gestation and nursing. 3. In vitro, it was found that 

ɓGlcCers treatment resulted in a Mincle-dependent increase in CMP cell count and 

KLF4 expression. It was also found that ɓGlcCers treatment resulted in a Mincle-

dependent increase in MDP cell count and IRF4 expression. 4. In vitro, ɓGlcCers 

treatment resulted in a Mincle-dependent increase in alveolar-like cDC cell counts 

and IRF4 expression. 5. Elevated numbers of IRF4+ alveolar cDCs were found in 

lungs of pups born to allergic mothers.  

Figure 13 
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C. Discussion 

We demonstrated a mechanism wherein ɓGlcCers signal through Mincle in 

hematopoietic precursor cells to increase the number of IRF4+ alveolar and resident cDCs. 

ST-HSC cell numbers were decreased in pups born to allergic mothers, and GMP and MDP 

cell numbers were increased in pups born to allergic mothers. ɓGlcCers increased CMP, 

and MDP numbers in vitro. It was known that ɓGlcCers are ligands for the C-type lectin 

receptor, Mincle, in terminally differentiated cells such as macrophages, DCs, and 

neutrophils [44-46, 190, 197]. We show here for the first time that Mincle is expressed by 

hematopoietic precursor cells. Mincle expression (measured as geometric mean of Mincle) 

was lowest in LT-HSC and ST-HSCs. Mincle expression was highest in CLP, but since 

CLP are not known to give rise to cDCs, CLPs were not investigated further. Thus, the role 

of Mincle in lymphoid progenitors is a topic for future investigation. Within the myeloid 

lineage, Mincle expression is elevated in CMPs compared to LT-HSC, and Mincle 

expression peaked in MDPs. Mincle expression remained elevated in CDPs compared to 

MDP, but Mincle expression began to wane in preDCs. Thus, Mincle is expressed in 

hematopoietic cells.  

To determine whether Mincle was functional as a signaling molecule in 

hematopoietic precursor cells, bone marrow cells were cultured and treated in vitro. Mincle 

is known to upregulate its own expression in macrophages and neutrophils when stimulated 

[44, 197]. In our in vitro studies, Mincle-positive CMP and MDP cell numbers were 

increased upon ɓGlcCers stimulation, an effect that was blocked by the Mincle-blocking 

antibody. This supports the conclusion that ɓGlcCers signal through Mincle in 
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hematopoietic precursors.  In in vitro experiments, ɓGlcCers increased KLF4+ CMP and 

IRF4+ MDP cell numbers. KLF4 expression in CMPs is known to skew differentiation 

toward the monocyte lineage and away from the granulocyte lineage [200]. This could 

explain the observed increase in MDP numbers in vitro and the increased CMP and 

decreased GMP numbers in vivo. Increased numbers of IRF4+ MDPs were also observed. 

MPDs differentiate into monocytes and cDCs [127, 143, 202, 203]. MDPs had the highest 

Mincle expression among myeloid-committed precursors in the bone marrow.    

IRF4 expression is definitive of the cDC2 subset of DCs [168, 199].  IRF4+ cDCs 

are required for allergy induction [123, 168, 199, 203]. Commitment of the cDC2 lineage 

is made during the progenitor stage [199, 203].  Pups born to allergic mothers had elevated 

numbers of IRF4+ Alveolar cDCs but not Inflammatory moDCs. The increased IRF4+ 

cDC2 cells in turn were sufficient to induce allergen hyperresponsiveness when transferred 

to the lungs of neonates.  Thus, we have demonstrated here a cellular mechanism in which 

ɓGlcCers signaling through Mincle alters neonatal hematopoiesis to generate elevated 

IRF4+ cDC2s. Elevated IRF4+ cDCs were found in the lungs of pups born to allergic 

mothers, and the DCs from pups born to allergic mothers were sufficient to induce allergen 

hyperresponsiveness when transferred to allergen-naïve recipient pups.   

We demonstrated here that the maternal lipids, ɓGlcCers, altered pup 

hematopoiesis. Elevated ɓGlcCers in allergic mothers are allegedly not of dietary origin 

because the allergic and non-allergic mothers both consume the same diet. This is of 

interest because other studies on the effects of lipids on hematopoiesis focus on dietary 

lipids.  For example, one study in non-human primates found that elevated oleic acid from 

mothers that were fed a high fat diet altered hematopoiesis in their offspring [204]. 
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Specifically, hematopoietic stem and progenitor cells in offspring from high-fat diet 

mothers had increased inflammatory metabolic and cytokine profiles [205]. Namely, this 

and other studies implicate oleic acid-induced IL -1ɓ as a main driver of increased 

inflammatory transcriptional profiles in hematopoietic stem and progenitor cells [205, 

206]. Tocopherols are lipid-soluble vitamins that can modulate hematopoiesis. 

ŬTocopherol was shown to induce GMP expansion in mice [207]. In a separate study, 

ŬTocopherol was shown to maintain CD34+ hematopoietic stem and progenitor cells by 

inhibiting oxidative phosphorylation and enhancing the G0 cell cycle phase [208]. Within 

our group, maternal ŬTocopherol is known to be a potent anti-inflammatory lipid and to 

block allergen hyperresponsiveness in offspring [171, 174]. ŬTocopherol blocked 

ɓGlcCers-induced alterations in multiple DC subtypes by inhibiting PKCŭ signaling within 

these cells [171]. The studies reported here are the first known to show the signaling of 

ɓGlcCers through Mincle in hematopoietic cells and to mechanistically connect that 

signaling to a disease such as allergy.  

D. Future Directions 

One of the key limitations of this study was the dependence on an in vitro model to 

determine antibody-induced Mincle inhibition. Though in vitro models are useful, they do 

not fully replicate the conditions found in the bone marrow niche such as contributions 

from the bone marrow stroma, oxygen and nutrient availability, and the full cytokine and 

chemokine milieu. To make these studies more robust, an in vivo model needs to be 

established to confirm the in vitro findings. Development of a model is under way wherein 

a Mincle-floxed mouse model is being crossed with a MCSFR-Cre and CD11c-Cre so that 

Mincle is depleted in hematopoietic cells of the MDP lineage and in DCs respectively. In 
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this model, if Mincle stimulation is required for IRF4+ DCs from the MDP lineage, then 

elevated IRF4+ DC numbers will  be observed in pups born to allergic mothers or in 

mothers injected with ɓGlcCers. Thus, the Mincle-flox allele in vivo will supplant the 

Mincle blocking antibody in vitro. Usage of the Mincle-blocking antibody in vivo is not 

feasible because we showed that ɓGlcCers act during fetal development to cause an 

increase in IRF4+ DCs. The ŬMincle antibody is of the IgG2bə isotype, which does not 

cross the placenta and would not be effective at blocking Mincle in the fetus if administered 

to the mother.  

Studies such as these are essential for developing preventative and therapeutic 

strategies for diseases like allergic asthma. Though I have shown in vitro that ɓGlcCers 

signal through Mincle during hematopoiesis, in vivo studies are more meaningful when 

determining strategies of therapeutic intervention because they would give a more holistic 

view of the effects of ɓGlcCers and Mincle. Whether ɓGlcCers signal through Mincle in 

vivo must be confirmed experimentally, and if the experiments fail to recapitulate what was 

observed in vitro, then one must conclude that ɓGlcCers do not signal through Mincle in 

vivo.  

Findings such as these are necessary to decide whether to plan Mincle blocking 

therapy to counter allergic asthma development. Mincle inhibition has been successfully 

used against ulcerative colitis and psoriasis in mouse models of these diseases with the 

hopes of using them in humans [193, 209, 210]. Therefore, Mincle inhibition could be 

proposed as a therapeutic strategy for allergic asthma. However, the mechanistic studies 

shown here suggest that such a strategy may not be effective. I showed that ɓGlcCers 

increased IRF4+ DCs in pups before they were exposed to the model allergen. I showed 
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no evidence that suggests that blocking ɓGlcCers could reverse the long-term effects of 

allergies (like allergen-specific T and B cell memory formation) once they are established. 

This would suggest that a Mincle-blocking therapeutic would have to be administered in a 

human before symptoms appear. A more practical approach would be to identify 

preventative measures targeting ɓGlcCers signaling during fetal and neonatal development. 

Previous studies showed that maternal dietary Vitamin E supplementation was able to 

block the allergy-predisposing effects of ɓGlcCers in pups [174, 211, 212]. A 2019 study 

showed that of 1003 American women surveyed, only 43% had a total intake of the 

Estimated Average Requirement of Vitamin E recommended for a healthy pregnancy 

[213]. Vitamin E is readily available in olive and sunflower oils and is included in 

supplementary prenatal vitamin formulations [214]. Studies such as these are essential for 

development of health guidelines and recommendations to encourage healthy dietary 

choices during pregnancy.  

E. Materials and Methods 

1. Mice 

All of  the mice used in this work were of the C57 Black/6 Jackson (C57BL/6J) 

strain. Mice were purchased from The Jackson Laboratory, Bar Harbor, ME or bred in 

house by CCEH core facility at Indiana University. These studies were approved by 

Indiana University Institutional Animal Care and Use Committee. 

2. Induction of Allergy  

Ova allergy was induced in 4-6 week old female mice via 2 intraperitoneal 

injections (200mL) with Chicken Egg White Ovalbumin (MP Biomedical #191224) Grade 

V (Ova) (5mg)/Alum (Sigma #A7210) (1mg) spaced at 10 day intervals. Airway Ova 
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challenged was administered in three rounds of nebulized 3% Ova (Sigma #A2512) in 

normal saline or saline only spaced at 4 week intervals. One round of Ova airway challenge 

consisted of three consecutive days of 3% Ova dissolved in normal saline nebulized with 

a DeVilBiss Pulmo-Aide compressor given for twenty minutes in a closed container vented 

with a 3/8ò hole to maintain ambient pressure. Mothers were cohoused with males 

immediately after the final round of Ova airway challenge for breeding. Sham controls 

consisted of Normal Saline/Alum for i.p. injections and Normal Saline only for sham 

airway challenge. Pups were suboptimally sensitized with one round of 50mL of 

Ova(5mg)/Alum(1mg) at ~day 4 of age. At ~ day 14 of age, pups were challenged with one 

round of four consecutive days of nebulized 3% Ova/Saline airway challenge. All pups 

received Ova sensitization and challenge because allergen hyperresponsiveness is 

conferred by the allergy state of the mother. ɓGlcCers were suspended in ethoxylated castor 

oil (80% PEG35 (Sigma #5135) + 20% ethanol) at 0.176ɛg/ɛL(16:0 ɓGlcCer) (Avanti 

Polar Lipids #860539P), 0.028ɛg/ɛL(18:0 ɓGlcCer) (Avanti Polar Lipids #860547P), 

0.0028ɛg/ɛL(18:1ɓGlcCer) (Avanti Polar Lipids #860539P), 0.176 ɛg/ɛL(24:1 ɓGlcCer) 

(Avanti Polar Lipids #860549P). The ɓGlcCers mix was injected subcutaneously into 

pregnant and nursing mice beginning at gestational day 10 daily. Injection sites rotated 

daily between the two flanks and the nape. To discourage mothers from rejecting pups, 

ɓGlcCers treatment was halted on the day of birth and the first two days after birth.  

3. Tissue Collection 

Bronchoalveolar lavage was collected in PBS, counted via hemacytometer, 

attached to glass slides via cytospin, and stained with hematoxylin and eosin. CCL24 was 

measured via qRT PCR with a Taqman primer/probe (Thermo Fisher # 00444701) and 



 
62 

 

 

normalized to GAPDH (Thermo Fisher #mm99999915). For RNA isolation, lung samples 

were snap frozen with LN2 in 1:1 RNALater (Thermo Fisher # AM7020):Trizol 

(Invitrogen #15596018) and stored at -80̄ C. To process lung tissue for RNA isolation, 

lung tissue was removed from RNALater/Trizol and homogenized in straight Trizol. RNA 

was isolated from homogenized tissue with the RNeasy kit (Qiagen #74136) per 

manufacturer instructions. Lungs for flow cytometry were processed to yield single cell 

suspensions from whole lung tissue. Lungs were incubated in DNase I (0.1 mg/ml) 

(Millipore-Sigma #11088866001) and Collagenase D (0.875mg/ml) (Thermo Fisher 

#J62229.03) at 37° with agitation in Miltenyi C tubes with the GentleMACS system 

(Miltenyi). Cells were strained through a 70ɛm strainer. For DC isolation, lung tissue was 

processed to yield single cell suspension and strained with a 70ɛm filter. The CD11c 

positive selection kit was used per manufacturer instructions (StemCell #18780). Bone 

marrow was harvested by excising the epiphysis of the tibias and femurs. Bones were 

placed vertically in perforated 0.5mL tubes, which were nested in 1.5mL tubes. Bones were 

centrifuged and bone marrow was collected for staining or culture. Red blood cells from 

lungs and bone marrow were lysed with RBC lysing solution (BD Biosciences #555899). 

4. Flow Cytometry 

All centrifugations took place at 1,200 RPM (158.4g) at room temperature for 5 

minutes, and supernatant was discarded by decanting. Prior to staining, cells were 

centrifuged, resuspended in 1mL of PBS, strained through a 75µm cell strainer, and 

centrifuged. Cells were stained with Zombie Aqua cell viability stain (Biolegend #423101) 

at 1:1000 in 250ɛL of PBS for 15 minutes at room temperature. Cells were centrifuged and 

rinsed once with PBS. Cells were fixed with 250ɛl of fixative from the TruNuclear 
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Fix/Perm kit (Biolegend #424401) for 20 minutes at room temperature, centrifuged, stored 

overnight at 4°C in 500ɛl Cytolast buffer (Biolegend #422501). After storage, aliquots 

were separated for staining into 96-well U-bottom plates (Falcon #353077) allowing 

multiple stain sets to be applied to the same samples. Subsequent staining took place in 

30ɛl of antibody + staining buffer. Subsequent rinse steps took place by resuspending in 

200ɛL of Flow Cytometry Staining Buffer (Invitrogen #00-4222-26), centrifuging, and 

decanting. Cytolast buffer was removed by centrifuging and rinsing one time. Fcɔ Receptor 

was blocked with anti-CD16/32 (BD Biosciences #553142) at 1:100 added to the 

fluorescent antibody mix. Mincle staining was carried out in a two-stage, 

primary/secondary approach. Fixed cells were stained at 1:50 with anti-Mincle antibody 

(Invivogen #mabg-mmcl) alone, rinsed 3 times, and followed by fluorophore-conjugated 

anti-rat IgG clone Poly4054 (Biolegend #405430) at 1:500. Most of the other antibodies 

used are generated in rat, so non-specific binding was blocked by adding unconjugated 

anti-Rat IgG 2bə clone eB149/10H5 (Invitrogen #16-4031-85) at 1:200 before proceeding 

with further staining. Cells were stained with the conditions outlined in Table 1 for 1 hour 

at 4°C. Cells were rinsed 3 times and fixed with 200ɛl of fixative from the TruNuclear 

Fix/Perm kit for 15 minutes at room temperature. Cells were permeabilized by adding 

200ɛL of 1X permeabilization buffer from the TruNuclear Fix/Perm kit and incubating at 

room temperature for five minutes, centrifuging, and repeating 3 times. The IRF4 antibody 

was diluted in permeabilization buffer and stained for 1 hour at 4°C and rinsed 3 times. 

KLF4 was stained by biotinylating anti-KLF4 (Raybiotech # 102-24314) and binding to 

substrate cells at 1:200. Cells were washed and stained with fluorophore-conjugated 

streptavidin (Biolegend #405249) at 1:1000 for 20 minutes at room temperature in 
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permeabilization buffer and rinsed. After the final stain, cells were rinsed 3 times and 

resuspended in 100ɛL of permeabilization buffer for analysis on the cytometer. Samples 

were analyzed on a Cytek Aurora Spectral Cytometer. Data were analyzed with FlowJo 

v10.8.2. Fluorescent-minus-one controls were made for all targets and used to set all gates. 

Table 1: Antibodies used for flow cytometry 

DC Stain 

Set Clone Fluorophore 

Dilutio

n Company Cat # 

pan CD45 30-F11 Alexa Fluor 700 1:200 Invitrogen 56-0451-82 

CD45.1 A20 BV605 1:200 Biolegend 110737 

CD45.2 104 Alexa Fluor 700 1:200 Biolegend 109822 

CD11b M1/70 PE CF594 1:200 BD 562287 

CD11c N418 PE Cy7 1:200 Biolegend 117318 

Ly6C HK1.4 APC Cy7 1:200 Biolegend 128026 

MHC-II 

(I-A/I -E M5/411 Alexa Fluor 488 1:100 BD 562352 

IRF4 3E4 PE 1:200 Biolegend 646404 

PDCA-1 927 APC 1:200 Biolegend 127016 

CD103 M290 PerCP Cy5.5 1:200 BD 563637 

      

Bone 

Marrow 

Stain Set           

Lin   FITC 1:200 Biolegend 78022 

Sca 

(Ly6A) D7 PE CF594 1:200 Biolegend 562730 

cKit 2B8 APC H7 1:200 BD 560185 

CD34 RAM34 BV711 1:200 BD 751621 

FLT3L A2F10.1 APC 1:200 BD 560718 

CD16/32 S17011E Alexa Fluor 700 1:200 Biolegend 156620 

CD115 AFS98 PE Cy7 1:200 Biolegend 135524 

IL7R SB/199 BV421 1:200 BD 562959 
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5. DC Isolation and Lung Transfer 

For DC isolation, lung tissue was processed to yield single cell suspension and 

strained with a 70ɛm filter as described under Section C: Tissue Collection. The CD11c + 

selection kit was used per manufacturer instructions (StemCell #18780). For lung DC 

transfer, DCs were pulsed with 2mg/mL Ova peptide 329-343 (GenScript #RP10610-1) for 

2 hours in RPMI +10% fetal bovine serum at 37°. Cells were washed with PBS and 

normalized to 400,000 cells/50ɛL. 10-day old pups were anesthesized under isofluorane 

and 50ɛL of cells (400,000) were transferred via intratracheal administration. 10 days after 

DC transfer, the recipient pups received four consecutive days of 3% nebulized Ova/Saline 

treatment as described under Section B: Induction of Allergy. 

6. Bone Marrow Transplant 

Neonatal bone marrow transplant was conducted as described previously [215]. 

Briefly, bone marrow was harvested via centrifugation and normalized to 106 cells/30ɛL 

PBS and stored on ice until irradiation of the recipients. 2 day old mice were administered 

a lethal radiation dose of 900rads with a MarkII Cesium-137 gamma irradiator. After 

irradiation, mice were sedated on ice for 5 minutes and reconstituted with 106 bone marrow 

cells via 30ɛL intrahepatic injection with a 30 gauge needle and placed back with their 

mothers or cross fostered on mothers that match the treatment conditions of the mothers of 

the donor pups. On postnatal day 7, mice were allergen sensitized with one i.p. injection 

with Ova/Alum. Starting on postnatal day 17, pups were challenged with four consecutive 

days of nebulized 3% Ova as described under Section B: Induction of Allergy.  
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7. Bone Marrow Culture  

Bone marrow cells were harvested from tibias and femurs via centrifugation as 

described under óTissue Collectionô. 8x105 cells were plated on 12 well plates.  Cells were 

cultured in RPMI (Corning #15-040-CV) supplemented with 10% fetal bovine serum, 

50ɛg/mL gentamycin (Gibco #15750-060), 10mM L-glutamine (Invitrogen #250300-81), 

1mM HEPES (25-060-CI), and 5.55ng/mL ɓ-mercaptoethanol. For DC generation, cells 

were supplemented with 5ng/mL GM-CSF (Peprotech #315-03) for 9 days, and media was 

refreshed every 3 days. For HSC generation, cells were supplemented with 5ng/mL GM-

CSF and 100ng/mL Flt3L (Shenandoah Biotechnology #20-06). ɓGlcCers were added as 

a mix in DMSO (4mL DMSO+ɓGlcCers into 1mL media+cells) in the following 

concentrations: 16:0 ɓGlcCer ï 40ng/mL, 18:0 ɓGlcCer ï 400ng/mL, 18:1 ɓGlcCer ï 

40ng/mL, 24:1 ɓGlcCer ï 2000ng/mL.  

8. Statistics 

Data in figures were analyzed by a one-way ANOVA followed by Wilcoxon Rank 

Sum Test. Statistical tests were performed in R. For multiple comparisons, the Benjamini-

Hochberg correction for multiple comparisons was used to account for false discovery rate. 

Error bars represent the standard error of mean. The PCA plot was generated with R 

function princomp, and ellipses are placed at the 95% confidence interval. 
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Chapter 4: Maternal allergy influences neonatal lung microbiota. 

A. Introduction  

The microbes inhabiting our bodies play a significant role in our health. A unique 

challenge faced by newborns is establishment of a healthy, balanced microbiota. The 

current dogma suggests that infants are introduced to microbes during parturition; though, 

some suggest that the fetus can encounter microbes during gestation [216, 217]. 

Nonetheless, during the first few days of life, microbes colonize the newborn, and this is 

true for all placentals including humans and mice [217, 218].  The identities and numbers 

of the colonizing microbes has a great impact on the health of the individual [216, 218, 

219]. The microbes that colonize the lungs are acquired from two sources: inhaled air and 

from the oral cavity [220]. Typical tidal volume for a newborn human is ~15mL and has a 

respiration rate or ~45 breaths per minute [221]. Room air typically has between 0.1 to 1 

colony-forming units of bacteria per liter [222]. Therefore, (0.015L of air x 45 

breaths/minute x 0.1 CFU = 0.0675 CFU inhaled/minute) a newborn will inhale ~4.05 CFU 

in the first hour of life and ~100 CFU in the first 24 hours as a conservative estimate. The 

second method of microbe inhalation is through the oral cavity, and this is likely the more 

prevalent method of microbial introduction [220]. The newborn oral cavity is exposed to 

the vaginal microbiota during birth and to the skin microflora during breastfeeding [223]. 

Inhaling through the mouth, which typically only happens during crying in newborns, 

results in inhalation of the microbes that are present in the mouth [224]. Therefore, 

maternal microbiota composition has a large impact on the microbes to which her infant is 

exposed [224]. Mouthing behavior in humans (when babies put everything in their mouths) 

typically begins at 3-4 months of age, which plays a role in microbial colonization at later 
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stages of infancy [225]. The types and numbers of bacteria colonizing the lungs are of 

interest because they are altered during pulmonary diseases such as allergic asthma [226-

230].  

Multiple factors influence microbial composition of both adults and newborns. One 

such factor is the diet. It is known that dietary tocopherols have an impact on allergen 

hyperresponsiveness in neonates [174, 175, 187, 188]. Dietary ŬTocopherol 

supplementation in the mother ablates allergen hyperresponsiveness in neonates [174]. 

Conversely, ɔTocopherol exacerbates allergen hyperresponsiveness in neonates [175]. 

Microbiota in the lungs of allergic adults, children, adult mice and neonatal mice all have 

increased proteobacteria and decreased Bacteroidota [231-234]. However, whether this is 

merely an association of allergic disease with lung microbiota or whether the lung 

microbiota has a function in induction of allergic disease was not known. Therefore, we 

transferred the lung microbiota from pups born to allergic mothers to the lungs of pups 

born to non-allergic mothers and vice versa. Pups were then subjected to suboptimal 

allergen sensitization and challenge to test whether the lung microbiota was sufficient to 

cause allergen hyperresponsiveness. In conjunction, we sought to test whether dietary 

tocopherols from the mother impact lung microbial composition in neonates and whether 

the lung microbiota is sufficient to induce allergen hyperresponsiveness. Therefore, 

allergic mothers were fed ŬTocopherol-supplemented diet and bred. The lung microbiota 

from pups born to ŬTocopherol-supplemented allergic mothers was transferred to pups 

born to non-allergic mothers, and the pups were subjected to suboptimal allergen 

sensitization and challenge to test the functional effect of ŬTocopherol on allergen 

hyperresponsiveness. 
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B. Results 

1. ŬTocopherol inhibits neonatal allergen hyperresponsiveness to Ova and House 

Dust Mite.  

It is known that ŬTocopherol inhibits neonatal allergen hyperresponsiveness to 

suboptimal Ova sensitization and challenge. Pups of OVA-challenged mothers were 

responsive to suboptimal sensitization and challenge with OVA (Figure 14 A,B). Here, we 

showed that ŬTocopherol also inhibits neonatal allergen hyperresponsiveness to House 

Dust Mite (Figure 14 C,D). Neonatal allergy was demonstrated by increased BAL 

eosinophil, monocyte, and lymphocyte numbers (Figure 14 B,D) and increased expression 

of IL-5 (Figure 14 E). Maternal dietary ŬTocopherol supplementation blocked allergy 

development in neonates in both Ova and HDM models (Figure 14 B,D,E). 

  
Figure 14. Enhanced responsiveness to challenge with HDM or OVA by pups of 

mothers with allergy was inhibited by maternal supplementation with Ŭ-

tocopherol. The allergen of the mother and offspring can differ. (A,C) Allergic 

and non-allergic mothers received basal diet or diet supplemented with ŬT (250 

mg ŬT/kg of diet) during pregnancy and nursing. Timeline for allergen-

sensitization and allergen-challenge of mothers and offspring. (B,D) Pup BAL 

eosinophils, monocytes, lymphocytes and neutrophils. (E) Relative IL-5 mRNA 

expression in lungs of HDM-challenged pups of allergic and non-allergic mothers 

with basal or ŬT-supplemented diets. BAL, bronchoalveolar lavage. n= 8ï10 

mice/group. Saline treated pups did not have allergic inflammation (data not 

shown). *p< 0.05. 
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2. Pups born to allergic mothers exhibited lung microbial dysbiosis compared to 

pups born to non-allergic mothers. 

a. The airway microbiota is altered in adult humans and mice with allergic lung 

inflammation.  

In human and mouse airways, allergic lung inflammation correlates positively with 

Proteobacteria abundance and negatively with Bacteroidota abundance. Interestingly, we 

found that at postnatal day (PND) 4, pups born to allergic mothers had increased abundance 

of Proteobacteria and decreased abundance of Bacteroidota (log2FC > 0.6, FDR < 0.1) 

compared to pups born to non-allergic mothers (Figure 15A). This contrasts with previous 

experiments by others that assessed microbiota in offspring after allergen exposure because 

our pups were not allergic at the time the lung microbiota was collected. To test whether 

Ova allergen challenge and maternal ŬTocopherol supplementation alters pup lung 

microbiota, BAL from pups born to non-allergic mothers or allergic mothers given basal 

diet or ŬTocopherol-supplemented diet were assessed for lung microbial composition via 

16S rRNA gene sequencing. Gram- and Gram+ bacteria were observed via Gram stain and 

microscopy in the BAL of PND 16 pups (Figure 15C). Pups born to allergic mothers had 

lung microbiota dysbiosis with increased Proteobacteria and decreased Bacteroidota 

compared to pups born to non-allergic mothers after suboptimal Ova allergen sensitization 

and challenge (Figure 15B). This dysbiosis was blocked by maternal ŬTocopherol 

supplementation. There were increases in several taxa within the Proteobacteria, 

Firmicutes, Fusobacteria and Verrucomicrobia but decreases in taxa with the Bacteroidota 

and several other Firmicutes, Proteobacteria and Archaea compared to pups of non-allergic 

mothers and as compared to pups of allergic mothers supplemented with ŬT (Figure 16). 
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Helieaceae, Pseudomonas, Vibrionaceae, and Rhodobacteraceae were 

increased in pups born to allergic mothers, and this increase was blocked by 

maternal ŬTocopherol supplementation (Figure 3). The same effect was 

seen for members of the Firmicutes, Fusobacteria, and Verrucomicrobia 

Phyla (Figure 3). The percent abundance of the Bacteroidota Family 

member Prevotella was decreased in pups born to allergic mothers, and this 

decrease was blocked by maternal ŬTocopherol supplementation (Figure 3). 

The same effect was seen for Ruminococcaceae Family members from the 

Firmicutes Phylum, Rickettsiales from the Proteobacteria Phylum and 

Methanomas from the Archaea Kingdom (Figure 3). These results suggest 

that 1) microbial dysbiosis is present in pups born to allergic mothers before  

 

Having established that the lung microbiota is altered in pups born to allergic 

mothers, we next sought to determine whether the altered lung microbiota is sufficient to 

induce allergen hyperresponsiveness in neonates. To do this, microbiota was separated via 

differential centrifugation from BAL of PND4 pups without allergen challenge. The 

microbiota was transferred intranasally to recipient PND4 pups. Then, the PND4 pups 

without donor microbiota and the PND4 pups that received the microbiota transfers were 

challenged with Ova allergen (Figure 17A). For the transfers, the pup groups are designated 

as maternal treatment of the donor pups Ÿ maternal treatment of the recipient pups. The 

donor sample 16S microbiota had increased Proteobacteria and decreased Bacteroidota 

taxa in the lungs of offspring of allergic mothers (log2FC>0.6,FDR<0.1) (Figure 15A). 

 

Figure 15. Pups of allergic mothers have altered lung bacteria microbial 

composition. Mouse treatments were as in (Figure 11A). BAL microbiota from pups 

at (A) PND4 and (B,C) 24 h after OVA-challenge (PND16) was separated and 

analyzed by 16S rRNA gene sequencing and a microbiota analysis pipeline. (A) At 

PND4, before allergen exposure, there was increased Proteobacteria and decreased 

Bacteroidota in the lungs of offspring of allergic mothers (log2FC > 0.6, FDR < 0.1) 

as compared to offspring of non-allergic mothers with basal diet. (B) ASV table of 

the relative abundance of phyla within the total pup BAL bacterial microbiota. 

*p< 0.05 compared to other groups. (C) BAL microbiota from pup BAL PND16 

were separated and concentrated by differential centrifugation as in the methods, 

suspended in minimal volume for fixation in a small spot on a glass slide and stained 

with Gram stain from bacteria. Representative images of lung microbiota are shown. 



 
74 

 

 

b. The PND4 donor microbiota had altered alpha diversity and beta diversity. 

The PND4 donor microbiota groups had a similar Shannon within-group alpha-

diversity index; the Shannon Index incorporates total number of bacterial species and 

relative differences in the abundance of various species in the microbiota community of a 

group. For beta-diversity analysis, the donor groups did not separate in the Principal 

Component Analysis (PCA) of the Unweighted Unifrac and Weighted Unifrac between-

group beta diversity analysis of bacterial microbiota; the weighted-Unifrac analysis 

incorporates only the relative abundance of taxa shared between samples and the 

unweighted-Unifrac analysis incorporates only the presence/ absence of taxa between 

groups. In contrast, when incorporating both overall abundance per sample and abundance 

of each taxa of the microbiota communities by the Bray-Curtis beta-diversity distance 

analyses, there was clustering by PCA for the donor saline groups and for the donor OVA 

groups, which was unaffected by ŬT (Figure 16). Alpha-diversity was also assessed for the 

PND16 pup microbiota from the BAL of allergen-challenged pups with and without 

microbiota transfer. Without the microbiota transfers, the BAL of allergen-challenged 

PND16 pups from allergic mothers (the no donorŸOVA/B group in Figure 15B) had 

decreased alpha-diversity as compared to the saline groups (the no donor Ÿ Sal/B group 

and the no donorŸ Sal/ŬT group in Figure 15B). With the microbiota transfers, the BAL 

of allergen-challenged PND16 pups of allergic mothers (OVA) as either donor or recipients 

(designated as microbiota donor Ÿ recipient pairs of pups) had reduced alpha-diversity as 

compared to several control groups, including the no donor Ÿ Sal/B, the Sal/B Ÿ Sal/B, 

the no donor Ÿ Sal/ŬTor the OVA/ ŬT Ÿ OVA/ŬT . Beta-diversity was assessed for the 

PND16 pup microbiota from the BAL of allergen-challenged pups with and without 
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microbiota transfer. There was minimal separation of the PND16 groups in the PCA plot 

of the Unweighted Unifrac and Weighted Unifrac between-group beta-diversity bacterial 

microbiota analyses (Figure 16 B,C). In the PCA plot of the Bray-Curtis beta-diversity 

distance analyses of the allergen challenged pups without donor microbiota transfers, there 

was some separation of the no donor Ÿ OVA/B group as compared to the other no donor 

groups (Figure 16A). In the PCA plot of the Bray-Curtis beta-diversity distance analyses 

of the allergen challenged pups that received donor microbiota transfers, there was unique 

clustering of microbiota from pups of allergic mothers with basal diet (OVA/B) as either 

donors or recipients (groups with allergic inflammation in Figure 15). Notably, when either 

the BAL microbial community of the donor pup or the recipient pup was from an allergic 

mother with basal diet (OVA/B), the recipient pup BAL had an increase in abundance of 

the class Gamma-proteobacteria and decrease in abundance of the class Bacteroidota 

(Figure 14B), as compared to the saline/B Ÿ saline/B group of pups (Figure 14B). In 

Figure 14C, when the BAL microbial community was from a group with a donor pup or 

the recipient pup from an allergic mother with basal diet (OVA/B), there was an increase 

in a Proteobacteria and a Fusobacteria and a decrease in several Bacteriodota taxa and a 

Firmicute. These data suggest that the BAL microbial community of the pups of allergic 

mothers with basal diet was dominant. 
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Figure 3
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Figure 17. After intranasal microbiota transfers and airway allergen challenge, 

pup BAL microbiota had increased Proteobacteria and decreased Bacteroidota 

taxa for pups that were either recipient pups of mothers in the OVA,basal group 

or were pups receiving microbiota from pups of mothers in the OVA,basal 

group. (A) Timeline for treatment of mothers and pups. (B) Donor BAL 

microbiota was administered intranasally in 10 µl to PND4 recipient pups (as 

indicated in figures as the group of pups providing donor BAL microbiota for 

transfer into a recipient group of pups, i.e., donor Ÿ recipient group). Yellow 

arrows on the x-axis are those groups with donor and recipients within the 

same group. In RED BOX are groups with recipient or donor microbiota of 

PND16 pups of allergic mothers (OVA/basal). Blue arrows within panel B 

indicate that Bacteroidota are decreased and Gamma-Proteobacteria are 

increased in groups in red box. N= 8/group. In panels B,C only, the OVA was 

in 0.09% saline; nevertheless, it did not alter the fold effect on BAL cell 

inflammation which is included in (Figure 5) with data from 7 microbiota 

transfer experiments. (C) In RED BOX are recipient or donor microbiota of 

PND16 pups from allergic mothers (OVA/basal). Data are presented as percent 

abundance of bacteria taxa. *, p< 0.05 as compared to 

Saline,basal Ÿ Saline,basal group (yellow arrow in graphs in C). Sal/B, saline-

treated mother with basal diet. Sal/ŬT, saline-treated mother with ŬT-

supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. 

OVA/ŬT, OVA allergen-treated mother with ŬT-supplemented diet. 

https://www.frontiersin.org/journals/allergy/articles/10.3389/falgy.2023.1135412/full#F5
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Figure 18. Alpha diversity was altered after lung microbiota transfer. After 

intranasal microbiota transfers and allergen challenge, lung microbial alpha 

diversity was assessed in (A) donor and (B) recipient pups via Shannon 

diversity index. Data are from the same samples described and analyzed in 

Figure 17. *p<0.05 as compared to the saline,basal Ąsaline,basal group. 

+p<0.1 as compared to no donor Ą saline,basal group. 

Figure 18 
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Figure 6 
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3. Transfer of the dysbiotic BAL microbial community of pups of allergic mothers 

to pups of non-allergic mothers conferred enhanced responsiveness to allergen in 

the recipient pups, demonstrating a functional role for the lung microbiota.  

Having determined the characteristics of the lung microbiota in pups born to 

allergic mothers, we next sought to determine the effects of the microbiota on neonatal 

allergen hyperresponsiveness by assessing BAL cells. Pups born to allergic mothers fed 

basal diet had increased BAL eosinophils, monocytes, and lymphocytes, which was 

attenuated by maternal dietary ŬTocopherol supplementation (Figure 20). After intranasal 

microbiota transfers and airway allergen challenge, there were increased numbers of BAL 

eosinophils, monocytes and lymphocytes in the pups that were either recipient pups of 

mothers in the OVA, basal group or were pups receiving microbiota from pups of mothers 

in the OVA, basal group (i.e. OVA/B as donor or recipient) as compared with the pups of 

the control saline/B Ÿ saline/B group (Figure 20). The donor Ÿ recipient pup groups 

without an OVA/ B group in the donor or the recipients did not develop lung eosinophilia 

after allergen exposure (Figure 20). 

Figure 19. Beta diversity was altered after lung microbiota transfer. After 

intranasal microbiota transfers and allergen challenge, lung microbial beta 

diversity was assessed in (left A, left B, and left C) donor and (right A, right B, 

and right C) recipient pups. (A) Bray-Curtis, (B) weighted unifrac, and (C) 

unweighted unifrac analyses were performed for donor and recipient pup lung 

microbiota. Axes show percent variance observed in each of the top two most 

variable principal components. Data are from the same samples described and 

analyzed in Figure 17. 
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Mediators of allergic inflammation were measured including serum allergen-

specific antibodies, the chemokines and cytokines that mediate eosinophilia, and the mucin 

Muc5ac. The serum of pups in the OVA/B Ÿ OVA/B group and OVA/B Ÿ Sal/B group 

had elevated anti-OVA IgE after allergen exposure, suggesting that the transfer of 

microbial communities of pups of allergic mothers with basal diet is sufficient to mediate 

enhanced induction of anti-OVA IgE in these pups (Figure 21). In contrast, there were no 

increases in anti-OVA IgG2b and anti-OVA IgG1 (Figure 21). The chemokine CCL11, 

which mediates recruitment of eosinophils, and IL-33, which induces allergic 

inflammation, was increased in the groups with OVA/B as donor or recipient and in the no 

donor Ÿ OVA/B group (Figure 22). Similarly, IL-5 and IL-13 had a significant increase 

in the no donor Ÿ OVA/B group and had either a trend or significant increase in most of 

the microbiota transfer groups with pups of OVA/B-treated moms that were either the 

donor or recipient of the microbe transfers (Figure 22). Muc5ac was increased in several 

groups that had OVA/B as donor or recipient (Figure 22). The pups with transfers of 

microbial communities from pups of saline treated mothers did not have an increase in 

CCL11, IL-13, IL-5 or Muc5ac (Figure 22). There was also no increase in IL-33 for the 

recipient pups with saline-treated mothers, except a small increase for the OVA/ŬT Ÿ 

saline/B group (Figure 22). Thus, transfer of microbial communities with the OVA/B group 

as the donor or recipient regulated these 
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Figure 5
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Figure 20. Recipient or donor microbiota from pups of allergic mothers 

(OVA,basal) conferred responsiveness to allergen in the recipient pups (red box). 

Mice were treated as in timeline in (Figure 14A) BAL (A) eosinophils, (B) 

monocytes, (C) lymphocytes, and (D) neutrophils are presented as mean Ñ SEM. 

Data are from 7 experiments. N= 10ï36/group. Sal/B, saline-treated mother with 

basal diet. Sal/ŬT, saline-treated mother with ŬT-supplemented diet. OVA/B, OVA 

allergen-treated mother with a basal diet. OVA/ŬT, OVA allergen-treated mother 

with ŬT-supplemented diet. *p< 0.05 as compared to the 

saline,basal Ÿ saline,basal group., +p< 0.1 as compared to no 

donor Ÿ Saline/basal group. 

Figure 20 
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Figure 6

Mother treatment/diet  (for donor pup lung microbiome Ą 

recipient pup)

Figure 21. Recipient or donor microbiota from pups of allergic mothers (OVA,basal) 

conferred allergen sensitization with increased IgE but not increased IgG2b or IgG1 

(red box). Mice were treated as in timeline in (Figure 14A). Serum (A) anti-OVA IgE, 

(B) anti-OVA IgG2b, and (C) anti-OVA IgG1 as determined by ELISA. Data are 

presented as mean Ñ SEM. N= 6ï9/group. Sal/B, saline-treated mother with basal diet. 

Sal/ŬT, saline-treated mother with ŬT-supplemented diet. OVA/B, OVA allergen-

treated mother with a basal diet. OVA/ŬT, OVA allergen-treated mother with ŬT-

supplemented diet. *p< 0.05 as compared to the saline,basal Ÿ saline,basal group. 

+p< 0.1 as compared to no donor Ÿ Saline/basal group. 
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Figure 7
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mediators of allergic inflammation.  These novel transfer studies demonstrate that 

the dysbiotic microbiota of pups of allergic mothers enhances pup responsiveness to 

allergen. 

4. A human infant plasma pro-inflammatory tocopherol isoform profile associated 

with altered lung microbiota.  

We have demonstrated in children and adults that better lung function associates 

with increasing ŬT concentrations when the gamma-tocopherol (ɔT) concentration is lower 

[186-188, 235, 236]. To extend our microbiota studies in mice to humans, we analyzed 

data from the INHANCE cohort, an urban, human infant (birth ï 18 months) cohort it was 

determined whether infants within the in the Indianapolis, IN area. Infants from the 

INHANCE cohort with an anti-inflammatory tocopherol isoform profile (high ŬT with low 

ɔT levels) had an altered microbiota composition compared to infants with a pro-

Figure 22. Recipient or donor microbiota from pups of allergic mothers 

(OVA,basal) conferred allergen-induced increases in CCL11, IL-13, IL-5, IL-33, 

and Muc5ac (red box). Mice were treated as in timeline in (Figure 14A). Lung 

cytokine expression was determined by qPCR. (A) CCL11. (B) IL-13. (C) IL-5. (D) 

IL-33. (E) Muc5ac. N= 6ï9/group. Data are presented as mean Ñ SEM. N= 6ï

9/group. Sal/B, saline-treated mother with basal diet. Sal/ŬT, saline-treated mother 

with ŬT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. 

OVA/ŬT, OVA allergen-treated mother with ŬT-supplemented diet. *p< 0.05 as 

compared to the saline,basal Ÿ saline,basal group. **p< 0.05 as compared to 

saline/ŬT Ÿ saline/ŬT group. 
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inflammatory tocopherol isoform profile (high ɔT levels). To assess infant microbiota 

associations with an anti-inflammatory tocopherol profile, the INHANCE cohort infants 

that had 16S microbiota data and sufficient plasma volume for tocopherol analysis were 

placed in groups based on median ŬT and ɔT concentrations [237]. The median plasma 

tocopherol concentrations at 3ï5 months of age were 28 ÕM ŬT and 2.6 ÕM ɔT and at 12ï

18 months of age were 19 ÕM ŬT and 2 ÕM ɔT (Table 2). The higher medians for 3ï5 

months infants are consistent with increased tocopherol concentrations during pregnancy 

[188] that will influence early life tocopherol concentrations in infants. The four groups 

are Q1 (high ɔT, low ŬT), Q2 (high ɔT, high ŬT), Q3 (low ɔT, low ŬT) and Q4 (low ɔT, 

high ŬT) were defined using the median serum tocopherol concentrations (Table 2). Thus, 

the microbiota of groups Q1, Q2 and Q3 groups were compared to Q4 because Q4 had the 

anti-inflammatory profile (low ɔT, high ŬT) for allergic lung inflammation, lung function 

and wheeze  [186-188, 235, 236] and had the highest lung function [237]. To examine the 

associations of ŬT without elevated ɔT, as this was the condition in the mouse studies in 

(Figures 1ï9), Q4 was compared to Q3. In infants 3ï5 months of age, there was a 

significance or trend for higher % abundance in some Firmicutes and Bacteroidota taxa in 

Q4 compared to Q3 (Figure 20A). As infants, the airway microbiota matures from birth to 

1 year of life [238-240]. In INHANCE infants at 12ï18 months of age, there was 

significantly lower % abundance in a Firmicute in Q4 compared to Q3 (Figure 20B). 

Moreover, for the group Q2, which has a pro-inflammatory tocopherol isoform profile with 

allergic lung inflammation and function  [186-188, 235, 236], there was a significantly 

higher % abundance in taxa of a Firmicute and an Proteobacteria (Figure 20B). These data 

https://www.frontiersin.org/journals/allergy/articles/10.3389/falgy.2023.1135412/full#F1
https://www.frontiersin.org/journals/allergy/articles/10.3389/falgy.2023.1135412/full#F7
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suggest that tocopherol profiles associate with altered microbiota abundance of several taxa 

in infants. 

 

 

 

 

  

3-5 mo, serum tocopherol

Group Th ( M˃) Tɹ ( M˃) N

Q1 <28 >2.6 7

Q2 >28 >2.6 15

Q3 <28 <2.6 13

Q4 >28 <2.6 8

12-18 mo, serum tocopherol

Group Th ( M˃) Tɹ ( M˃) N

Q1 <19 >2 11

Q2 >19 >2 14

Q3 <19 <2 11

Q4 >19 <2 14

Table 1. Infants grouped by median serum

ŬT and ɔT concentrations in the INHANCE cohort

A

B

Table 2. Grouping of infants by median serum ŬT and ɔT concentrations in 

the INHANCE cohort. Serum ŬT and ɔT for infants in the INHANCE cohort 

were measured by HPLC. Median serum ŬT and ɔT concentrations for 

infants at (A) 3ï5 months and (B) 12ï18 months of life. Four groups Q1, 

Q2, Q3, and Q4 of infants for 3ï5 months and for 12ï18 months infants 

were generated using high and low ŬT and ɔT concentrations defined as 

higher or lower than the median for the tocopherol isoform for the age 

group. N, number of participants in group. 

Table 2: Infants grouped by median serum and ŬTocopherol and ɔTocopherol 

concentrations in the INHANCE cohort. 
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Figure 10

A. Infants 3-5 mo of age

B. Infants 12-18 mo of age
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Figure 23. Infants with an anti-inflammatory tocopherol isoform profile (higher 

ŬT, lower ɔT) for allergic responses had a different abundance of bacterial 

microbiota compared to other tocopherol isoform profiles. Serum ŬT and ɔT for 

infants in the INHANCE cohort were measured by HPLC. Four groups of infants 

(Q1, Q2, Q3, Q4) for 3ï5 months and for 12ï18 months infants were generated 

using high and low ŬT and ɔT concentrations in (Table 2) that were defined as 

higher or lower than the median concentration for the tocopherol isoform for the 

age group. (A) 3ï5 months and (B) 12ï18 months of life. p values are given for 

significant differences or trends in taxa compared to group Q4. 

Figure 23 
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5. Maternal ɓGlucosylceramides induce allergen hyperresponsiveness in pups.  

Adult female mice were injected daily with ɓGlcCers or the vehicle control, 

ethoxylated castor oil (ECO), starting at gestational day 10 until weaning (Figure 14A). 

Pups were allergen sensitized on ~postnatal day 4 and allergen challenged on ~postnatal 

day 14 (Figure 24A). Pups born to ɓGlucosylceramide mothers exhibited increased 

allergen sensitivity assessed via increased BAL eosinophilia and lymphocyte numbers 

(Figure 24B). This recapitulates previous findings in which ɓGlcCer induced lung 

eosinophilia, allergen-specific IgE, lung IL-5 expression, and lung CCL24 expression 

[119].    
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Figure 24. Maternal ɓGlcCers are sufficient to induce allergen 

hyperresponsiveness in offspring. (A) Mother mice were injected subcutaneously 

with ɓGlcCers daily beginning at gestational day 10 and continuing throughout 

pregnancy and nursing. Pups were sensitized with intraperitoneal OVA/Alum once 

at Days 3-5 after birth. Airway 3% OVA airway challenge was administered in 

three consecutive days around days 13-15 after birth. (B) Lung BAL eosinophils, 

Polymorphonuclear cells, monocytes, and lymphocytes were fixed to microscope 

slides, stained with H&E, and enumerated via differential cell counts. *p<.05, 

**p<.01 via Wilcoxon rank sum test. n=19 (ECO) n=17(ɓGlcCers). 
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6. ɓGlcCers alter the lung microbiota in mothers and pups.  

DNA was isolated from BAL microbiota from ɓGlcCers-injected mother mice and 

controls and from pups born to ɓGlcCers-injected and control mother mice (Figure 24A). 

16S rRNA gene amplicon sequencing was performed on lung microbiota to determine 

differential abundance of microbial communities. The lung microbiota was altered in 

mothers injected with ɓGlcCers at the phylum taxonomic level (Figure 25 A,B) and at the 

genus level (Figure 25 C,D). Mothers injected with ɓGlcCers had increased abundance of 

bacteria from the Verrucomicrobiota and Proteobacteria phyla (Figure 26). Mothers 

injected with ɓGlcCers had decreased bacterial numbers from the Campilobacterota phyla 

(Figure 26). At the genus taxonomic level, mothers injected with ɓGlcCers had increased 

bacterial abundance of the Proteobacteria Escherichia-Shigella (Figure 26). Though the 

Firmicutes as a phylum were not affected by ɓGlcCer injection, several specific genera 

within the Firmicutes were affected (Figure 26). The Firmicutes, Peptoniphilus and 

Ezakiella were the most affected and both decreased upon ɓGlcCers injection (Figure 14 

and 15). The Firmicutes, Blautia, were increased upon ɓGlcCers injection (Figure 25). 

Though the Bacteroidota as a phylum were not affected by ɓGlcCers injection, the 

Prevotella genus was decreased in mothers injected with ɓGlcCers (Figure 25). Within the 

Verrucomicrobia phylum, Akkermansia were increased in mothers injected with ɓGlcCers 

(Figure 25).  
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Figure 25. Mother mice injected with ɓGlcCers had altered lung microbiota. After 

maternal ɓGlcCers injection, lung microbiota was harvested, sequenced via 16S 

rRNA gene amplicon sequencing, and analyzed. (A) Relative abundance was 

determined at the Phylum taxonomic level for n=5 ECO-treated mother mice and 

n=8 ɓGlcCers-injected mother mice. (B) PCA was performed on the Phylum 

taxonomic level, and ellipses were applied at the 95% confidence level. (C) Relative 

abundance was determined at the Genus taxonomic level for ECO and ɓGlcCers-

injected mother mice. (D) PCA was performed on the Genus taxonomic level, and 

ellipses were applied at the 95% confidence level. 



 
95 

 

 

 

 

 

  

1
6

S
 r

R
N

A
 a
m

p
lic

o
n

 co
u

n
ts
 

1
6

S
 r

R
N

A
 a

m
p

lic
o

n
 c

o
u

n
ts 

1
6

S
 r

R
N

A
 a

m
p

lic
o

n
 c

o
u

n
ts 

Figure 26 



 
96 

 

 

 

 

 

 

 

 

 

 

7. Flux balance analysis predicts lung microbes and metabolites altered by ɓGlcCer 

administration. 

Given the previous findings that ɓGlcCers alter the lung microbiota, we sought to 

determine how ɓGlcCers affect microbial metabolism. A computational method called flux 

balance analysis (FBA) was chosen for this task. FBA functions by measuring the rate of 

flow, or flux, of metabolites through a metabolic network with the goal of optimizing a 

final solution [241, 242]. The flow of metabolites goes through various enzymes, and the 

simplest flux that can be measured is for a single chemical reaction. The optimal final 

solution is the production of core biomass, which for bacteria results in increasing size and 

population growth [242]. For a single bacterial taxon, FBA mathematically represents all 

the metabolic reactions in that taxon [241]. For a microbial community, FBA 

mathematically represents all the metabolic reactions for each taxon in the entire 

community [241]. Thus, FBA calculated metabolites consumed, metabolites produced, and 

the growth rates of each bacterium in a microbial community [241]. FBA was performed 

using a program called MICOM [242]. MICOM takes as input microbial abundance from 

16S or metagenomics sequencing, a community metabolic model, and a media file that 

gives the expected input metabolites [241]. From the 16S data, approximately 900 unique 

Figure 26. Mother mice injected with ɓGlcCers had altered lung microbiota. Mother 

mice were injected with ɓGlcCers or vehicle control (ECO). Microbiota was 

separated from the BAL fluid via centrifugation and 16S rRNA gene amplicon 

sequencing was conducted to generate read counts. n=5-8. Statistics were determined 

via Wilcoxon Rank Sum Test. *=p<0.05. Error bars represent s.e.m. 
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species were identified. I chose the 300 most abundant species, which made up >99% of 

the total bacterial abundance in the lungs.  

To create the community metabolic model, the RefSeq genomes of each bacterium 

from NCBI were downloaded. Community metabolic models were created for each of the 

~300 bacterial species using CarveMe. CarveMe creates a Systems Biology Markup 

Language (SBML) metabolic model using the reactions and metabolites indexed in the 

BiGG metabolic database hosted by the Systems Biology Research Group at the University 

of California, San Diego [243, 244]. Figure 26 is a schematic representation of a metabolic 

model for the bacterium Bacteroides thetaiotaomicron that was created using Fluxer, an 

open-source metabolic model visualization tool [245]. In Figure 27, all enzymatic 

reactions, their substrates and products, and rates of reactions for B. thetaiotaomicron are 

packaged and represented. As mentioned previously, the goal of FBA is to increase core 

biomass, and core biomass is found at the center of the metabolic model (Figure 27C) 

[242]. At the outside fringes of the model, you can see the metabolites that need to be put 

into the model for an enzymatic reaction to take place (Figure 27A). Note also that all of 

the reactions have forward and reverse directions (Figure 27A). This means that 

metabolites can be both consumed and produced by this microbe. When all the models of 

all the bacteria are combined to create the community metabolic model, there are two 

sources of metabolites: metabolites provided by the input media and metabolites produced 

by other bacteria. Since the metabolites produced by the bacteria are encoded in the 

community model, it is possible with MICOM to perform in silico dropout experiments 

where a bacterium can be removed to test the response of other bacteria.  
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Having the bacterial abundances and the community metabolic model, MICOM 

now needs an input medium, which is a list of metabolites that is expected to grow a 

bacterial community. Several media have been published for in silico growth of gut 

microbes [246-248]. However, no published media exists that represents the lung 

environment, so a custom media was formulated for these experiments. As a starting point, 

I used an inbuilt function of MICOM, which provides the metabolites expected to grow the 

bacteria present from 16S sequencing results [242]. I combined computer-derived media 

with an empirically-derived media that was developed to grow lung microbes in a wet lab 

setting [246], creating a curated custom list of metabolites and a custom community 

metabolic model needed to perform FBA upon the top 99% most abundant bacteria from 

the lungs. Figure 28 represents the growth of bacterial genera under FBA constraints. Each 

point on the X-axis of the graph represents the growth rate (Y-axis) of that genus. 

Figure 27. Metabolic model example. (A) All of the indexed reactions that 

take place in Bacteroides thetaiotaomicron are represented here. (B) Core 

biomass lies at the center of the figure. To simulate growth, FBA solves for 

core biomass. (C) The perimeter of the figure shows the metabolites that 

are virtually imported from the environment and exported to the 

environment. 

 



 
 

 

    

  

Figure 28 

Figure 28. Lung community growth simulated by flux balance analysis. Growth is on the Y-axis and has a 

maximum of 1. On the X-axis are the bacteria that were able to achieve virtual growth under the flux balance 

constraints given by the community metabolic model and input metabolites. Each point represents the lung 

microbiota from a single animal. n=5-16. 
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Growth under FBA constraints was achieved for 128 bacterial genera (Figure 25). 

Growth for some genera approached a maximum of 1 for some individual mice (Figure 

25). Bacteria reaching the highest growth rates under FBA constraints are closer to the 

right-hand side of the graph (Figure 25). The most rapidly growing bacteria closely match 

the most abundant bacteria in terms of read count obtained from 16S rRNA gene 

sequencing. To validate that the model was using the metabolites provided in the media 

file to represent growth, I removed the essential carbon source, glucose, from the media 

file and repeated FBA (Figure 26). Upon removal of glucose, the number of bacteria 

capable of growth reduced from 128 to 77 (Figure 26). In addition, the maximum growth 

rate reduced from ~1/h to ~0.2/hour as seen on the Y-axis (Figure 26). This suggests that 

MICOM employed FBA to represent growth of the provided bacteria. 

 

 



 

 

Figure 29 

Figure 29. Lung community growth simulated by flux balance analysis without glucose does not match 

growth simulated with glucose. To test that the flux balance constraints were being applied, I removed glucose 

from the input metabolites. Maximum achievable virtual growth decreased from 1 to 0.1. Fewer bacteria were 

capable of growth compared to communities virtually grown in the presence of glucose. n=5-16 
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In addition to bacterial growth, MICOM also gives FBA-based information on the 

metabolites consumed and produced by each bacterial genera from each input subject as 

long as the metabolites are indexed in the community metabolic model and in the input 

media [241]. Using the indexed metabolites produced, TSNE analysis was performed to 

visualize clusters of bacteria associated with individual mice based on the metabolites 

produced during FBA. Figure 30 shows that distinct clusters formed for two bacterial 

genera: Peptonophilus and Varibaculum. For both bacterial genera, mothers injected with 

ECO formed TSNE clusters distinct form mothers injected with ɓGlcCers (Figure 30 A, B, 

and C). Pups born to different groups did not form distinct clusters (Figure 30 A, B and C). 

This suggests that ɓGlcCers altered the metabolic activity of Peptonophilus and 

Varibaculum in the mother lung for the metabolites assessed under the FBA model, but not 

in their offspring after the offspring were allergen sensitized and challenged.  

Since the metabolites produced in the FBA model were distinct between control 

and ɓGlcCers-injected mother mice, I next sought to determine which metabolites were 

most predictive of ɓGlcCers injection. A linear regression machine learning model was 

applied to metabolites virtually produced in by microbes in mother lungs after control or 

ɓGlcCers injection due to the ability of linear regression models to classify variables that 

exist on a continuous, rather than binary, scale. This model suggests that succinate 

production is most predictive of ɓGlcCers injection, and toluene and 4-

hydroxybenzaldehyde are most predictive of ECO injection (Figure 31).  



 104 

 

 

Mom ͉ GlcCers
Mom ECO
Pup ͉ GlcCers
Pup ECO

Figure 30 

A. 

B. C. 



 105 

 

 

  
Figure 30. Clustering of bacteria based on virtual exported metabolites. (A) TSNE 

analysis was applied to exported metabolites. (B) Cluster analysis was performed 

on Peptoniphilus with confidence ellipses drawn at 95% confidence level. (C) 

Cluster analysis was performed on Varibaculum with confidence ellipses drawn at 

the 95% confidence level. Confidence ellipses were determined using R function 

stat_ellipse() in ggplot2. n=5-16. 



 

 

Associated with ͉ -Glucosylceramide injection Associated with vehicle control injection

Figure 31 

Figure 31. Export metabolite predictions in mothers injected with ɓGlcCers or ECO. The Y-axis represents the 

standardized coefficient, which represents the confidence strength and direction of the relationship between the 

predictor variables and the target variable. On the X-axis a list of metabolites in BIGG annotation format in order of 

most predictive of ɓGlcCers injection (left side) to most predictive of ECO injection (right side). n=5-8. 
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8. Microbes isolated from mouse lungs respond to ɓGlcCers. 

Since FBA yielded predictions about the microbes and their metabolic response to 

ɓGlcCers, I next sought to isolate and test the effects of ɓGlcCers in a living bacterial 

culture system. To generate lung microbiota for these experiments, I injected adult female 

mice with ɓGlcCers or ECO daily beginning at gestational day 10 and bred them (Figure 

24A). I isolated BAL microbiota from these mother mice at 10 days postnatal and cultured 

them under a variety of conditions. For my agar, I chose to use two different types of base 

media. The first was Brucella blood agar, which I chose because of its well-documented 

use in culturing fastidious microorganisms such as the predicted microbes Peptonophilus 

and Varibaculum [249]. Though Brucella blood agar is useful for culturing these microbes, 

it does not accurately model the metabolites found in the lung environment because the 

base for this media is yeast extract and tryptone. To more closely model the lung 

environment, I made a custom media using a protocol developed by Ruhluel, et al. [246]. 

This media, which I will term Pseudo-Healthy Lung Experimental Growth Media 

(PHLEGM), was developed to test proliferation and biofilm formation properties of 

Pseudomonas aeruginosa in healthy versus cystic fibrosis airways because Pseudomonas 

aeruginosa is a prevalent pathogen in cystic fibrosis patients, and biofilm formation is 

implicated in successful P. aeruginosa colonization  [246]. Though mucosal biofilms are 

documented in cystic fibrosis and chronic obstructive pulmonary disease, no reports on 

lung mucosal biofilms in allergic asthma were found in my review of the literature [250]. 

PHLEGM improves upon previous lung-mimicking media, artificial sputum media and 

synthetic cystic fibrosis media, by including other metabolites found in the lung such as 
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extracellular DNA, amino acids, and mucins [246]. I recreated this media and modified it 

further by including agar. By adding agar, I was able to streak all the lung microbes out on 

an agar plate, allowing me to isolate individual colonies. Since some of the microbes 

predicted by FBA do not grow optimally under fully aerobic conditions, I cultured the lung 

microbial colonies under both aerobic (~20% O2) and microaerobic (~2-5% O2) conditions.  

After one week of growth at 37° at either aerobic or microaerobic conditions, 7 

distinct colonies formed and were selected for further analysis and experimentation. Gram 

staining was performed to assist in bacterial identification. To test whether the bacteria 

were able to bind to ɓGlcCer, I incubated the bacteria with nitrobenzoxadiazolyl (NBD) 

tagged ɓGlcCer. Bacteria that bind NBD-ɓGlcCer have a green fluorescence, but some 

bacterial colonies, especially Colony1 and Colony3, demonstrated high autofluorescence. 

Staining does not discern the function of ɓGlcCers in the bacteria. To test the effects of 

ɓGlcCers on bacterial function, I chose two functional assays: proliferation and biofilm 

formation. Bacteria from each colony were used to inoculate liquid cultures of PHLEGM. 

Bacterial growth was assayed via OD650 readings at 24-hour time points for 72 hours. 

After the proliferation assay, plates were stained with crystal violet and crystal violet 

intensity was determined via OD650.  

Colony1 was a Gram+ cocci (Figure 32A). Though autofluorescence was high in 

Colony1, green fluorescence staining was more punctate upon NBD-ɓGlcCer staining, 

suggesting that ɓGlcCer binds to Colony1 bacteria (Figure 32B). Colony1 proliferated 

rapidly in PHLEGM and entered the death phase by 72 hours, suggesting that the colony 

rapidly depleted its carbon source from the media or produced toxic byproducts that 

inhibited its growth (Figure 32C). There was no significant effect of ɓGlcCers upon 
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proliferation of Colony1 (Figure 32 C,D). ɓGlcCers inhibited biofilm formation of 

Colony1 even under the lowest concentrations (Figure 32E).  

  

Figures 32-38. Effects of ɓGlcCers on bacterial colonies 1-7. (A) Colonies 

were selected, Gram stained (Crystal violet and safranin), and imaged under 

600X bright field magnification. (B) Colonies were selected and stained 

with NBD-GlcCer and DAPI and imaged under 600X fluorescence 

microscopy. (C) Bacterial numbers were normalized and grown in 

PHELGM agar for 72 hours. Bacteria were treated with ɓGlcCers in ten-fold 

dilutions from 0.0248-24.8ɛg/mL. OD600 was read at 24 hour time points 

and plotted. (D) The 72-hour time point was replotted to show the OD600 

dose response relative to ɓGlcCers concentration. (E) Upon conclusion of 

the proliferation assay, biofilm formation was assessed in the plates. All 

error bars are expressed as s.e.m. of technical triplicates. n=3. Studentôs T 

test: *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Figure 32 
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Colony2 was a Gram+ streptococcus (Figure 33A). Autofluorescence was low in 

Colony2, and Colony2 was stained with NBD-ɓGlcCer (Figure 33B). Bacteria from 

Colony2 grew in PHLEGM, but proliferation and biofilm formation were unaffected by 

ɓGlcCers (Figure 33 C,D,E). Colony3 was a Gram- rod (Figure 34A). Colony3 had high 

autofluorescence (Figure 34B). NBD-ɓGlcCer associated with Colony3 bacteria but was 

not punctate suggesting that NBD-ɓGlcCer may bind to secreted material from the bacterial 

colony and is not internalized into the bacterial cells (Figure 34B). Colony3 bacteria grew 

in PHLEGM media, and proliferation was higher when treated with the lowest 

(0.0248ɛɔ/mL) ɓGlcCers concentration but not at the higher concentrations (Figure 34 

C,D).  Colony3 biofilm formation showed a dose-dependent response and was significantly 

higher at the highest (24.8ɛg/mL) ɓGlcCers concentration (Figure 34E). Colony4 was a 

Gram+ coccus (Figure 35A). Colony4 did not demonstrate autofluorescence and 

demonstrated punctate staining with NBD-ɓGlcCer suggesting that NBD-ɓGlcCer was 

internalized by the Colony4 bacteria (Figure 35B). Colony4 proliferated rapidly, reaching 

maximum growth by 48h and not entering a death phase (Figure 35C). ɓGlcCers did not 

have an effect Colony4 on proliferation rate or biofilm formation. Colony5 appears to be a 

mixed Gram+/Gram- colony (Figure 36A). Colony5 did not demonstrate autofluorescence 

and stained positively with NBD-ɓGlcCer (Figure 36B). Colony5 grew in PHLEGM, but 

did not proliferate as rapidly as the other colonies (Figure 36C). ɓGlcCers did not have an 

effect on Colony5 proliferation rate or biofilm formation (Figure 36 D,E). Colony6 was a 

Gram+ streptococcus (Figure 37A). Colony6 did not demonstrate autofluorescence and 

stained strongly and specifically with NBD-ɓGlcCer (Figure 34B). Colony6 grew slowly 

in PHLEGM, and ɓGlcCers had no effect on proliferation or biofilm formation (Figure 37 



  

118 

 

C,D,E). Colony7 was a Gram+ coccus (Figure 38A). Colony7 demonstrated some 

autofluorescence but stained positively with NBD-ɓGlcCer (Figure 38B). Colony7 grew in 

PHLEGM, but ɓGlcCers had no effect on proliferation (Figure 38 C,D). Colony7 formed 

biofilm even under low ɓGlcCers concentration (Figure 38E). Colony7 biofilm formation 

was highest at the physiological ɓGlcCers concentration (2.48ɛg/mL) and was not 

inhibited at the 24.8ɛg/mL concentration (Figure 38E).     

Since ɓGlcCers increased biofilm formation in Colony7, I selected this colony to 

perform RNAseq to determine what bacterial genes are activated or deactivated by 

ɓGlcCers. Upon RNAseq analysis, Colony7 was identified as Staphylococcus 

saprophyticus  by randomly selecting three reads and performing basic local alignment 

search tool through NCBI. Several genes were upregulated and downregulated upon 

ɓGlcCers treatment of S. saprophyticus (Figure 39). These data suggest that the lung 

microbiota respond to ɓGlcCers at the molecular level. The development of this in vitro 

method to screen lung microbes for ɓGlcCer binding and function make this a powerful 

tool for future studies. The technique can be scaled to screen large numbers of colonies. 

The technique is modular since metabolites can be dropped in and out of the PHLEGM 

media to determine their effects on individual bacterial colonies or whole microbial 

communities. For example, with the PHLEGM media, the lung microbiota can be grown 

ex vivo to test the effects of the whole lung microbial community on sphingolipid 

metabolism.   
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Figure 39 

Figure 39. Differentially expressed genes from Staphylococcus saprophyticus grown 

under DMSO or ɓGlcCers. Data are expressed as -log10 of p-value against log2Fold 

Change of gene expression. Analysis was performed with BactSeq. DEGs were 

determined with DEseq2. The volcano plot was created using R ggplot2. n=3. 
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C. Discussion 

The data reported here suggest that pups born to allergic mothers have lung 

microbial dysbiosis with increased Proteobacteria and decreased Bacteroidota. Microbial 

dysbiosis was present both before and after allergen sensitization and challenge. Lung 

microbial dysbiosis in mice was blocked by maternal dietary supplementation with 

1
2

3

Figure 40. Model of lung microbiota function in allergen hyperresponsiveness and 

response to ɓGlcCers. 1. Proteobacteria are increased and Bacteroidota are decreased 

in pups born to allergic mothers. 2. The lung microbiota from pups born to allergic 

mothers was sufficient for allergen hyperresponsiveness in neonates. 3. In vitro, 

ɓGlcCers treatment resulted in increased biofilm formation and increased expression 

of several genes in Staphylococcus saprophyticus isolated from allergic mother lungs.  

Figure 40 


