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JeffreyClay Bloodworth
MATERNAL b-GLUCOSYLCERAMIDESALTER NEONATEHEMATOPOIESIS
AND LUNG MICROBIOTA

Asthma affects over 25 million Americans and is the most common chronic
pulmonary diseasen childrenin the United States.Currently approximatelyl in 14
children are afflicted with asthmain the United States.Between2008 and 2013, the
estimatedeconomicburden of asthmain the United Stateswas $81.9 billion. The
prevalenceof asthmahas steadily increasedover the last 40years,and the 20-year
projectedeconomicimpactof uncontrolledasthmaaloneis projectedto 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 UT o c eTpohceor pohl e, r-Glicasylcaramidesfare known to influence allergen
hyperresponsi v@utasycsramidésl akev dendetid celb populations in
neonat e@ucosyceramidés are known to signal throughtgpe lectin receptor
called Mincle. In addition, lung microbial dysbiosis is associated with development of
all ergic asthma in chil dr-Elacosylceramides alkee s how
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 alteredanse pups born to allergic
mothers and hat this dysbiotic microbiota is sufficient to induce allergen
hyperresponsiveness in neonat@sGlucosylceramides altered lung microbial relative
abundance compared to vehitleated controls and enhanced biofilm formation in

bacteria isolatettom mousdungs.In silico analysigevealedredictionsof microbesand
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metaboliteghat aremportantfor microbial responseo b-Glucosylceramidesrlhis new
knowledges importantfor our understanding of not only allergy development, as well as
immune development in neonates overall. Understanding the mechanism of action of
e | e v allueodylcdramides provides an opportunity to counteract their harmful effects,

for i nst an-daopheyl suppleamerdation dutng pregnancy and nursing.

JoanCook-Mills, PhD,Chair
RandyBrutkiewicz,PhD
Yuzhen Ye, PhD

Nathan W. Schmidt, PhD
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Chapter 1: Immunity in the Context of Allergy

A. Introduction to Asthma and Allergies

Asthma afficts over 25 million Americans and is the most common chronic
pulmonary disease in children in the United Stft¢sApproximately 80% othildhood
asthma is caused by allergi¢8]. An allergic reactionis defined asan immune
hyperresponsivenegs an innocuous agertalled an allerge3, 4]. Typical allergens
includedust, pollen, foosd, and mold2, 4, 5] Allergens elicit aracuteallergic response
by triggering sensors on immune cells thedults ina rapidimmune responsg, 7]. One
of the key sensors is an antibody type called[8}EO]. IgE is a major class of antibodies
that can be specific for several different antigghslO0]. The key common feature of all
IgE antibodies is that they bind to a cell surface receptor call&&€&ceptor (FGR) [11].
FAR is present on the surface of mast cddlssophils, eosinoplsil and dendritic cells
(DCs) [12-14]. Allergen binding tothe IgEF c UR compl ex resul ts i n
presentation for DCEL5] and degranulation in eosinophilsast cells and basophilEl3,
14, 16] Mast cellsand basophils are responsible for the most recognizable symptoms of
allergy, which are caused by histamine reldd8e 14] Histamine is released from mast
cells and basophilslen an allergeencountersts cognatdgE antibody which is boud
to FR on thecell surface[13, 14] Histaminehas a myriad of effects including pain
induction (itch),vascular leakingswelling), smooth muscle contractigwheeze), and
mucous productiofil7]. Histamine releaseesults inmany of the most familissymptoms
associated withlergies[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 [t1€s28].



Elevated eosinophils (eosinophilia) in the lumga key metric of allergy development in
all of the experiments reported in this work.

The effects of histaminand its association with allergiesere first discovered in
1910 [24]. Since then, several important discoveries have been inatlee field of
immunology in general as it applies to allergye key question being addressed in this
research iswhy do some children develop allergies but not others, even though they seem
to be exposed to the same sensitizing environm&mie that will be discussed in detail
that may help us answer this question is that some children seem to be predisposed to
asthmabased on thesthmatic state of the mothg5]. In order to grasp the importance
of the research presented hdtés important taive a firm backgroundrowhatis known
about immunologyin general and in the context of allergyfter introducing a broad
framework ofimmunology | will discussthe process of hematopoiesidematopoiesis is
the developmental process that gives rise to all blood telZhapter 2| will focus more
onwhathas been discovered usiaghouse model of allergen hyperresponsiveness in pups
born to allergic mothersdaving established what was known before my research began, |
will move into subsequent chapters detailing what | have ledraedmy 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 immunityinitially called natural and acquired immunifg}5]. Aimost every cell
in the body can participate in immunity in some way. Barriers such as skin make up a

blockade against invading microl@3]. Some organs such as tear ducts secrete lysozyme,



which is toxic to most bacteri@8]. Mucosal immunity is a discipline all in itself that
studies how mucous, cilia, and specialized IgA antibodies move potential pathogens out of
the respiratory, digestivegproductiveand urinary tractf29]. Besides these, any cell can
elicit danger signals when it encounters or has been invaded by a paiBogekxs one
example, all cells express a family of proteins called the retinoiciadictible 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, datedtikin

33 (L-33) when they encounter allergens such as the n#didynaria alternata and
cockroach antigefB1, 32] IL-33is a potent danger signahd activator of inflammation

[31]. The key feature of innate immunity is thét defends the host againgeneral
molecularfeatures of potential invading pathogenancerous or dysfunctional cells
noxious agentg33].

In contrast tannate immunity, adaptive immunity is designed to intricately target
highly specific features of invading pathogecancerous or dysfunctional celts ,noxious
agentg34]. Whereas all cells actively participate in innate immunity, adaptive immunity
is restricted to T cells and B ce[34]. The high degree of antigen specificity is achieved
by genetic recombination within these cellgytee rise toan extremely diverse array of
antigenrecognizing moleculeB5]. Once triggered by the innate immune systémells
and B cellsbhecome activatetb carry out their effector functiorendsome differentiate
into memory T and B cells tdefend against future invasions of the same path{gfen

38]. The T cell and B cell effector functions will be explained in detail later in this chapter.



One of the most important concepts for any immunologist to recognize is that,
baring a few exceptions, an innate immune response must precede an adaptive immune
responseTo describe how an orderly immune response occurs, | will use the example of a
helminthic worm infectionThe reason why | have chosen to hseéminth infectionas an
exampleis because helminths activate the same arm of the immune system as allergens
Helminth infectionis a majorhuman health problem in sdtopical and tropical regions
[39]. Furthermore, helminths pose a mdpoirden toagriculture allover the world due to
livestock infectiond40]. Helminths are parasites thiagirrow into the skin othrough a
mucosal surface such as the respiratory or digestive tract of themshpatt 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 surfaddslminth infection can cause majissue damage
and eventually death to the hattleft uncleared[40]. Therefore, once a helminth is
encountered, the immune system is activated to kill the invading parsegpi@r the
damaged tissue, ampiepardo prevent a future infectiod1].

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 bod{B1]. When a helminth burrows into the skin for instance, this inevitably
breaks open cell$Vhen the intracellular contents of a cell are spilled into the extracellular
spacethis signals danger tells of the innate immune systéhmough pattern recognition

receptors (PRRgB1]. Intracellular danger signals are called darggsociated molecular



patterns (DAMP}%[42]. In addition toDAMPS, pathogen associated molecular patterns
(PAMPs)are general features tife organismshat usuallyinvademammalian hostgl2].
Such organisms include bacteria, fummptozoans, anrgemulticellular orgaisms like
insects and wornm{g2]. PAMPs work similarly to DAMPs, signaling througbveral PRRs
and activatinghem[42]. Some of the most notable PRRs include the-Iikdl recefors
(TLRs), NOD receptors, and-§/pe lectin receptorsvlacrophage inducible -G/pe lectin
(Mincle) receptor is a PRR thatdsentralto theresearch | will present in ChapterNincle

is activated by the DAMHM)-GlucosylceramidefGlcCer), a lipid that is normally found
on the intracellular surface of the cell membrga2],[43]. If the cell membrane is
compromisegdfor instance through lysis by a pathogé@lcCeris released andignals
DCs Mus, and neutrophils througtime Mincle receptor{44]. Mincle is a dual function
PRR that also responds to a molecule called treh@@sdimycolate (T6DM)[45, 46]
T6DM is a cell wall glycolipid found iMycobacteria, pathogens responsible for diseases
like tuberculosisjlycobacterium tuberculosignd leprosyNlycobacterium leprag47].
Therefore, T6DM is a PAMPand Mincle is a dual function PRR that recognizes both
DAMPs and PAMPdn summary, DAMPs and PAMPs are genenalecularfeatureghat
signal invasion andauseprofessionainnate immune cellske DCs and Mi sto recognize
and respond to that invasip2].

Once an invading pathogen is detectephysiological response is initiated called
inflammation[17, 30, 31, 33, 42, 48T he symptoms of inflammation are redness, swelling,
heat, and paif¥2, 48] The redness isaused by increased blofidw, whichis needed to
bring in more pathogekilling cells from the blood48]. In the case of helminth infection,

eosinophils are recruteto the site of infection to assist in killing of the parafgtq. In



comparison, increased tissue eosinophil numbers are a hallmark of allergic inflammation
[16, 49, 50] Swelling is caused by increased vascular leakinedsch allows immune

cells and pathogen fightingomponents like antibodide infiltrate the area of invasion

[48]. Heat ismainly generated as a result of increased blood, fimvheatn turnfacilitates

blood vessel dilationaiding the inflammation proce$48]. With allergies, nany of these
effects (swelling, redness, and heat) @esed byistamineaction n the vasculatissues

[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 dilatiorj53]. Histamine causedisruption in endothelial cell adhesion molecules
such as vascular endothelial cadherin {3&€lherin), catenins, adherins and tight junction
molecules, which increases vascular leakiness resulting in heat and s{sdH&6]. In the

case of helminth infections, patanmanifest as itchwhich leads to scratching, which can
help remove akin-borne infectio48]. All thesemacroscopideatures of inflammation
serve to help rid the host of an invading pathdg&ij.

At the microscopic levelthe innate immune systens responsible forthe
inflammatory respons¢30, 31, 33, 48] The inflammatory response is mediated by
signaling molecules called cytokineend chemokingsand different cytokines and
chemokines are released in response to different types of pasidfyes8] For example,
IL-33is acytokinereleasedluringthe initialresponse to helminth infectiand allergies
[31]. IL-33 is released via either damagduced lysis or by Gasdermin-idediated
secretion from epithelial cel[S§7]. IL-33facilitates allergen sensitization by inducing ILCs

to produce large amounts @¢f-5 and IL-13, which causeeosinophilia and mucous



production respectivelfp8]. In addition,IL-33 signals DCs to expresk-6, IL-1b, TNF,
CD40, CD80,andOX40L, andIL-33-induced genexpression in DCs results in skewing
of naive T cells to the prallergy T helper 2 (Th2) typg9]. This process of DE
communicating with T cells is the firgt the link between the innate and adaptive immune
systems.

Onefunction ofDCs and Mi sis a process called phagocytd€i8]. Phagocytosis
is the engulfment of extracellular material including deadamthponentand pathogens
[61]. Onceingested, some of the phagocytosed material is procagsddagments called
antigensand preparetb be presentetd a Helper T cellglsocalled CD4+ Tcell][62]. This
process is called antigen presentation, and the cells that are specialized at this process are
called professional antiggaresenting cells (APCg$3]. While manywhite blood cells
present antigen to T cell®t, is generally accepted th&Cs, Mis, and B cells are
professional APCE54]. Antigen ispresented t&€D4+ T cellsusing a protein callechajor
histocompatibilitycomplex 1l (MHCII), butantigen presentation alone is not sufficient to
activate a T cell62-64]. In addition toantigerMHCII binding to a cognate CD4+ T cell
two other signals are required for T cell activatioostimulation and cytokine activation
[65-67]. Costimulation comes in the form of a costimulatory molecule expressed by the
APC binding toa receptor on the CD4+ T c¢65, 67] CD80 and CD86 & common
costimulatory moleculetound on DCs that bind t€D28 orCTLA-4 (respectively) on
CD4+ T cells[65, 67] The third signalrequired forfull T cell activation is a cytokine
which can be either systemic or secreted locally by the BB The cytokineproduced
by theAPC refinesthe T cell responsiy directingT cell polarizatior[68]. In response to

helminth infection DCs produce a cytokine calldd -6, which polarizes the CD4+ T cell



and commits the CD4+ T cell to a lineage called T helper 2 ([B32) Th2 cellsare CD4+
T cells that express a master transcriptional regulator called GATBB GATA3
activates the transcription of the T ea#isociated cytokines thamost appropriately
respond to helminth infectipnnamely IL-4, IL-5, and IL-13 [70]. These cytokines
cooperate to organize r@sponse that is most appropriate for eliminatiorheiminth
invasion [39]. The main function ofiL-5 is to enter the blood streaand signal the
proliferation ofeosinophils in the bone marrq9]. Eosinophils are white blood cetlsat
carry toxic granulebaded withcytokines, arachidonic acid metabolites, smdc proteins
[71]. When eosinophilsencounterhelminthic worms,they degranulate, releasinguch
toxic proteins as major basic protein (MBP), Eosinophilived neurotoxin (EDN), and
eosinophil peroxidas@&PX)[71]. IL-4 andIL-13signak B cells toproduce IgE antibodies
[72, 73] Antigenspecific IgEbinds to FER on mast cells and basophils, which can then
rapidly respond to rexposure to the specific pathodés]. Indeed, most of the functions
of IL-4 and IL-13 are redundant and include induction of mucous producdod
recruitment of eosinophilsnast celland basophil§74]. Once thehelminthic pathogen is
effectivelykilled and eliminatedinflammationenters its final stage oésolution in which
tissue is repaired and remodeled and long living memory T cells and Btaledlaup
residence in the tissue and bone marn@ady to rapidly respond to futurdections[74].

In the process just descrihelhelminthic worm invaded a mammalian host. This
invasioncaused damage to the hoBhe innate immune cellsf the hostecognized this
damagethrough pattern recognition receptossich as ST2The pattern recognition
receptors detected damagethe form of general features offéction calleddanger

associated molecular patterandpathogerassociated molecular pattesrPRR activation



causedan antigenpresenting cell like a DC to matyrphagocytose fragmentf the
pathogen processome ofthose fragments into antigerand presenthoseantigers to a
CD4+ T cell.The APCsecretesl -6, polarizng the CD4+ T cell to &h2type In response,
the Th2 celt secretdL -4, IL-5, andIL-13, which facilitate thenelminthkilling effector
functions of mucous productiongE class switchingand recruitment otosinophils,
basophils, and mast cells to the sitehefminth infection.These coordinatedctions
beginning with an innateesponse and ending with an adaptive respaasalt in killing
and clearing of the infection
2. Th2 immunity gone awry

In the previousextion, | describedhe Th2T cellsand the cytokinethey produce.
Th2 cellsfit within a broader model of immutly alongside Thl, Thland other§75, 76}
The Th1/Th2 model of immunity was first proposed in 1Bg@group of scientistied by
Tim Mosmam [75]. Mosman® s g r o shpwed thafTlelrcells secreted IL2 and
interferond (IFN-2), andTh2 cells secretetl. -4 andIL-5 [77]. These findings were the
first in describing a new modef immune response that centered around the type of CD4+
T cell that waggenerated for a respongtb]. The type of Th subset that develdpsm a
naive T celis determinedy the cytokinesecreted by thAPC during antigen presentation
[68]. In this way,the APCsguide the Th subseaind as a result the immune response as a
whole, towarda particular immune response based on the type of pathogen encountered
[78]. Thl responses are generated as a result of intracellular bactenalemafections
[68, 77, 79] Thl effectorresponsescludegeneration ofintigenspecific killer CD8+T
cells andlgG antibodieghat are specialized at immobilizirathogeng68, 77, 79, 8Q]

Th2 responses are generated in response to large extracellular pafddg&ss/0, 74,



79]. Th17 responses are specialized for responsattacellular bacterial infectiorig6,
79, 81] Other Th subsets have been described, such as Th9 andambd282any others are
sure to exis[76].

The main point to be made regarding T helper subsets issgi@sific T helper
responses are generated in response to specific typathofjensind are associated with
different immune disorder$76]. The effector functions of thes&h subtypes are
specializedo generateesponses the form ofspecificantibody isotypes;ytokines, and
leukocyte recruitmeriZ6]. Furthermore, eachhlresponse correlates wihdifferent type
of immune disordef76]. Thl or Thl7responses are ordered toward the clearance of viral
and bacterial pathogeg6, 79] A disordered Thl or Th1l7 response results in chronic
inflammation and/or autoimmune disea$é6]. Th2 responses are ordered toward the
clearance oflarge extracellular pathogens like parasifés, 79] A disordered Th2
responsananifests as allergj76, 79] This is whydescribingthe normal response to
helminthic infection was important in the previous section.

Indeed, several parallels between helminth infection and allergy are apparent.
Helminths often sharemolecular profiles similar t@llergens For instance, chitins a
polysaccharide found in all helmintHsut not in mammalg2]. Chitin isthe second most
common polysaccharide found in nature (after celluldseing found irthe exoskeletons
of all insects andhe cell walls of alleastd82]. Chitin is aPAMP [83]. Thus,one of the
main PAMPs associated with helminths is also foundany common allergens like house
dust mite, mosquitoes, cockroael and molds[84]. Other PAMPs shared between
helminthsand allergensiclude glycandjpoproteins, angdecreted proteasgsb]. Secreted

proteases are g@hrticular interest because of their potency in inducing allergic responses.
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Parasitessecrete proteases in order to help them invade tig§}jeHouse dust mites
possess two proteastmt are potent allergenBer pl and Derf 1. Der p 1 and Der f 1
proteases damage host tissue by degradaojudin and compromising tissue integrity
[87]. DCs recognize Der p 1 and Der f 1 through a PRR called Mannose Receptor, a C
type lectin receptof88]. Proteasesre often found in conjunction with allergens and are
often necessary fallergy induction89, 90}

Multiple parallels exist betweedhe immune response to helminths aflérgies.
The Th2 cytokinesassociated withhelminth infection IL-4, IL-5, andIL-13, are also
indicative of allergie§19, 66, 68, 70, 724, 80, 91] The IgE antibodiesised to defend
against future helminth infections are atsausative of many allergy symptorasd are
used as diagnostic indicator of allergig¢3, 29] The cellular responsespecially blood
and tissue eosinophiliaye common to both helminth infection and allerdie® 39, 71]

Allergy is a diseasdefined ashyperresponsiveness an innocuous ageig, 4].
Here, you can see that allergy is also defined as a disorder of Th2 imifdiityet, a
key question remainsvhy do someshildrendevelop allergies but not otheesjen though
they seem to be exposed to the same sensiingonment™y research suggests that
certain blood cells are primetlring their early stages of developméntelicit a Th2
responseThough we have described fully functional blood ¢€like T cells, DCs, and
eosinophilsa deeper understanding of blood cell development is needbe research
presentedn subsequent chapters
3. Hematopoiesis

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

and cellsBlood cells areggenerally divided into red blood cells (RBCs) and white blood
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cells (WBCs)[92]. WBCs are also called leukocytesd several of these were introduced
previously.T cells,B cells,DCs,Mus, Mast cellsand eosinophils are all leukocyté€®,
93-96]. Life asabloodcell begins in a primordial statenownasthe hematopoietic stem
cell (HSC) [97, 98] The process of HSC developmeéstcalled hematopoies[®7-99].
Hematopoiesis takes place in the lidering fetal developmei00]. At the time of birth,
this process shifts to the bone marifd®1]. The liverto-bone marrow shifbccurs as the
HSCs enter the blood stream and travel to the bone mammave they live for the
remai nder of §0l]). HSCstcan\be sdhdigidedirsto |drgrin SCs (LT
HSC) and sharterm HSC (STHSC) [102]. LT-HSCseither differentiate to form ST
HSCs or they selrenewto maintain a sufficient populatioof LT-HSCs[102]. ST-HSCs
either differentiate to form multipotent progenitors (MPP)hay selfrenew[102]. MPPs
can differentiate into eithezommon lymphoid progenitors (CLP) or common myeloid
progenitors (CMP)102].

CLPsdifferentiate into T cells, B cellsatural killer cells and some plasmacytoid
dendritic cells (pDC4[)L02]. CMPs differentiate into megakaryocyte/erythroid progenitors
(MEP), granulocyte/macrophage progenitors (GMRNnd macrophage/dendritic cell
progenitors(MDP) [78, 102] Common dendritic cell progenitors (CDP) may be derived
from either MDP or GMR78]. MEPs differentiate into megakaryocytegich form the
blood platelets, and erythrocytg92].

All of these cells are intermediates along a pathway that gives rise to blbtite
cells that function in our immune systgas our red blood cells ampdiatelet§102]. Some
of the cells that enter circulation from the bone marrow are fully differentiated and ready

to perform their functiongL02]. Others still must undergo further rounds of maturatoon
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become fully functional. Here, it is easiesvisualizetheimmune system in terms of two
distinct arms: the lymphoid and the myeloid. Rememberdifigrentiation of MPP cells
gives rise to two types of progenitors: CLPs and CNIR2]. From this developmental
stage onblood cells may be considered lymphoid or myeloid based gortigenitor from
which they aroseMyeloid leukocytes are further divided infio granulocytes including
mast cells,basophils, eosinophils, and neutrophils and 2. Agranulocytes including
macrophagegjendritic cells, ananonocyteq103]. Lymphoid leukocytesnclude the T
cells, B cellsNK cells, and pDC4104].

In summary, lthe cells of the immune system communicate and cooperealieito
immune responsesnnate immunityis often seen as the first line of defense against
pathogeng33]. This is true for novel pathogens with novel antigens the host has never
encountered33]. Indeed, an innate immune response npustedean adaptive immune
response when a novel pathogen or antigen is encoun8&fdiowever,antigens that
have been previously experiencaad generatan adaptive responsee remembered by
T cells and B cell§37, 38] Memory responses n antigen are rapid and often powerful.
Thus, thefirst line of defenseagainst subsequent reinfectiaeghe cells of the adaptive
immune systenp37, 38] This concept is incredibly important in allerggcause allergic
responses are, by definition, overreactiongrviously experienced, innocuous agents
a. Myeloid Cells

Myeloid cells areghe blood cells that arise from tkemmon myeloid progenitor
[104]. This includes erythrocytesvhich are red blood cellnd thrombocytes, which give
rise to platelet§104]. The myeloidleukocytesconsist of the granulocytgsnast cells,

eosinophils, basophils, and neutrophils) and agranuloaytesqcytesmacrophages, and
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dendritic cell3[92, 103, 104]Granulocytes are so named because when viewed under the
microscopethese cells have intracellular granules thiat eitherblue hematoxylin stain
or the pink eosin staidepending on the chemistry and contents of the granules [9gide
103]. Hematoxylin is chemically basic and stains acidic proteins inside basophilic and
neutrophilic granule§d7, 103] Eosin is chemically acidic and binds to basic proteins in
eosinophil§97, 103] The granules are a key part of the function of the granulocytes. Th
granulocytes all function to rapidly release the contents of their intracellular granules
(usually signaling molecules or enzymdspending on their environmenther cell types
encountered, or antigens encountdte?| 16] Agranulocytesalso secreteytokinesinto
their environmentbut not n the altor-none fashion typical of the granulocytd95].
Agranulocytesespecially macrophages and dendritic cells, are specialized at pluasgocyt
andantigen presentatidé0, 61] In summary, the functions ofiyeloid cells are to release
pro-inflammatory or antinflammatory signals into the environmerémove antigens and
cellular debris from tissues through phagocytosis, and to present antigigngptwid
cells.In the following paragraphs, | will describe some of the basic functions of the various
leukocytes as they apply to allergy.
I.  Mast cells

Mast cellsare the onlyfunctional cell in the immune system tlikgvelogs directly
from common meloid progenitors without going througany further intermediate
developmental stag¢$06]. Mast cells entebolood circulation as immature precursors that
fully develop once reaching tingesident tissuepl07]. Mast cells exit the bone marrow
through the blood and reside e@pithelial and mucosadissues in most parts of the body

[107]. Mast cellsexpress on their surface the high affinity-éfzsilon Receptor (FER)
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complex[12, 13] FAR is aheterotrimeric protein complex made up of dhehain, oneb
chain, and two chains[108, 109] Fc(R resides on the mast cell surface and binds with
high affinity to free IgE antibodiesirculatingin the blood[11, 12] The cytoplasm of a
mast cell contains 5200 granuleg110]. These granules contamultiple chemical
mediators that are meant to be rapidly releagasoh stimulation[13]. These chemical
mediators include histaminbeparin,and proteolytic enzymes like tryptase and chymase
[111]. Histamine is one of the main drivers of the acute symptoms of a[ergyMucosal
mast cells are found along mucosal barriers such as the digestive and respiratory tracts and
lack chymas¢112]. Connective tissue mast cells are found in the skin and in organ serosa
and contain chymag&10].
ii. Basophils

Basophilsaresimilar tomast cellsand have similar functions during alleriy03,
108, 113, 114] They releasénistamine and heparin from intracellular granules upon
antigenstimulationof IgE-bound FtR [114]. Mast cells are more abundant in cortivec
tissues tharbasophils[103]. Basophils are the least abundant leukocyte in bjaa8].
Theydevelopin the bone marrovirom granulocyte/monocyte progenitomshich develop
from common myeloid progenitof$04, 115] Unlike mast cells, basophils exit the bone
marrow as fully developed cel$15].
ilii. Eosinophils

Eosinophilsare granulocytethat, under normal circumstances, resporidvasion
from large parasites like helminthic worrfl]. During helminth infectiorand allergic
responsesTh2 immunity is initiated via alarmins that result in secretiolLeb at the site

of infection[19]. IL-5 enters the blood stream and signals the developmemisofophils
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in the bone marroy19]. The eosinophils enter the blood stream and travel to the site of
infections[49]. They exit the blood in response to chemokines CCL11, CCL24,@ha6
(also known as Eotaxin 1, Eotaxin2, and Eotaxin3 respectittedy)are secreted by cells
proximalto infection[49, 116, 117]Eosinophils act byeleasingtoxic granule proteins
MBP, EDN, andEPX [19]. Elevated eosinophil numbers is known as eosinopHilig].
Eosinophilia can be detected in the blahging helminth infection and during allergic
reactiong21]. Eosirophilia also manifests in the lungs durirggpiratory allerg reactions
and is a common method of determining alNengduction in our experimental models
[118, 119]
iv. Dendritic Cells

DCsare ampivotallink between the innaf@8] and adaptive immune systems. DCs
are professional antiggmresenting cells, and of all the professional APCs, DCs are the
most efficient at presenting antigen. DCs exhibit great diversity in lineage, tissue
specificity, and functiorf78]. In terms of lineage, DCs can be split into three gsou
conventional DCs (cDCs), monocyderived DCs (moDCs), and plasmacytoid DCs
(pDCs)[78]. cDCs are fully differentiated upon exit from the bone marbovmust be
activatedbefore they can present antiggf8]. Upon activation, cDCsipregulate the
expression of MHCIto prepare for antigen presentatiortiie T cells[120]. In the lung,
cDCs are subdivided into alveoland residenbased on thamount of MHCII present on
the cellsurfacewith alveolar cDCs expressing less MHCII and resident cDCs expressing
high levels of MHCII[121, 122] After antigen uptake, DCs migraterough lymph vessels
to lymph nodesr through the blood to the splearhere they presergntigen tonaive

CD4+ T cells[66, 78, 120] The type of cytokine produced by the DC determinesTthe
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subtype into which the T cell will develdf8, 80] The types of cytokireproducedoy
cDCs are determined ltigetranscriptional programconferred by the transcription factors
IRF4 andIRF8[78]. IL-33andIL-10 expression in lung cDC2 cells is dependent on IRF4
andfacilitates Th2 polarizatiof123]. IRF8inducesthe transcription of ype 1 Interferons,
whichconducts naive T cells towafthl developmeritL24]. Thus, DCs play a critical role
in determining the immune respore®d in allergy development.
v. Monocytes

When monocytes exit the bone marrow, th&ijl possessthe potential to
differentiate further{125]. Monocytes are derived from either MDPs or GMRZ26].
Monocytes disperse widely throughout the body and are one of the most common
leukocytesfound in peripheral tissug$25, 127] Monocytescontributeinflammation by
secreting inflammatory cytokines in response to cellular stress if they do not
differentiate within about two days of leaving the bone marrow, they die and are removed
from circulation[125-127]. Monocyteshave great potential to specialize and diversify in
response tgpecific types of inflammation or pathogemsult[125, 127] Monocytes that
upregulate MHClland specialize in antigen presentation are termed m¢IX5sl27].
vi. Macrpohages

Monocytes thaspecialize in phagocytosis dartwod-derivedmacrophagefistinct
from tissuederivedMu s that develogluring embryonic development from the yolk sac)
[126, 128] MU s are professiongdhagocytesbut they als@ontribute to the inflammatory
process by secretingytokines[64, 128, 129]Macrophages are categorized as being M1
or M2 [130, 131] M1 Ma s secreteproinflammatorycytokines such ag=No, IL-12, IL-

1b, andTNFU[130-132]. M2 macrophages secretiee cytokineslL-10 and TGP [133].
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Thesecytokines counteract the actions of the -Bcreted cytokines arslippressrhl-
associated inflammatigrresolution of infection, and healing.33]. However, in the
context of allergyM2 Mu s produce histamine arttie Th2-recruiting chemokine TARC
[134, 135] Thereforejn thecontext of allergy, M2 Ni s are prenflammatory.
b. Lymphoid Cells

Lymphoid cellsare all the cells that arise from tBemmon Lymphoid Progenitors
[104, 136] These include T cells, B cells, NK cells, asainepDCs[104, 136, 137]The
T cells B cells andto an extent, NK cellsnake up the adaptive immune sys{éi38-140].
T cells and B cells undergm &laborate process calledriablediversity-joining (V(D)J)
recombination, which gives rise to the stunniligersity of T cell receptors (TCRs) and B
cell receptors (BCRg1L41]. SomeNK cells undergo a form of genetic rearrangement to
confer some antigen specificity as wél2]. pDCs arannate cells that are a major source
of IFN-Uand IFN-b duringviral infections[137, 143]
I. Tcells

T cellsare largely classifiedshelper T cellsor cytotoxic T cells[144]. Other T
cells exist such amnate lymphoid cell§ILCs), natural killer T cells (NKT)p U cells,
and mucosalassociatedinvariant T (MAIT) cells but thesecells undergo different
selection processes andll not be discussed hefé44]. Of all theT cells thehelper and
cytotoxic T cells are the most abundant and the most well stidesdl subtypeg144].
Beforedeveloping into functional T cells, T cells leave thene marrow in an immature
form called the thymocytd 36, 145] Thymocytegnigrate through the blood to the thymus
[145]. Before reaching the thymus, thymocyths not express CD4 or CO&36, 145]

After entering the thymusthymocytes begin expressing both CD4 and CD8
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simultaneously and ar e[l45, d46]Befoarecorendttingitda u b | e

particular fate eitherCD4+ T helper cells or CD8+ cytotoxic T cellghymocytes must
undergo the process of select{dd5, 146] A properly functioning T cell must have two
unique properties: weak MHC bindirand no binding to selintigen[145, 147] The
process ofelecting wela MHC binding is calledpositive selectionand cells that bind
MHC too strongly or not at all are killejd 45, 148] The process dilling thymocytes that
bind to selfantigen is called negative selectifi®5, 149] Once positive and negative
selection are completéynctional, though inactive, T cellsither circulate oreside in
secondary lymphoid organs urgiimedby an APC[145, 150]

Though the T cells residing in secondary lymphoid organardigen specific, thy
are considered naive until they experience ant[@&0]. T cells experience antigen by
having antigen presented by BHC molecule on a professional AHT51, 152] Helper
CD4+ T cellshave antigen presented by MHCII and are said to be Class Il resttisidd
Cytotoxic CD8+ T cells have antigen presented by MHCI and are said to be Class |
restricted152]. The process aintigen presentation, costimulation, aytbkine signaling
is called T cell priming153]. Once a T cell is primedt, is licensed to execute its effector
functions. Helper T cells functiomy secreing cytokines to hone thearious Thimmune
responsg [68, 77] Once a pathogen is eliminated, some T cells rgithainwithin the
tissues as tissue resident memory da3]. This isa critical conceptor allergy because
tissue resident Th2 cellerm a rapid response to allergeresgosurg123] .

i. Bcells

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

presentatiorjl54, 155] PreB cells emerge from the bone marrow being committed to B
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cell lineage, but still lacking full functiof136, 156] Theyexpress a B cell receptBCR)

on their surfacewhich is specific for a single antig¢hs7] then theseells 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 afiif@! This process of
negative selection provides protection from autoimmune diseases that would result if an
autoreactive B cell were to survive furth@56]. Emerging from the bone marrow are
naive B cells that migrate from the bone marrow to a peripheral lymphoid organ such as
the spleen or lymph nodgkb5]. The B cells wait there fomo cuesto mature antigen and
cytokine stimulatiorj155]. Unlike T cellreceptorsBCRscan bind to their cognate antigen
without being bound to any other molecule like MHT58]. Antigen binding theBCR
triggers two events in the B cell: internalization of the antigeth processing for MHCII
loading andhe process of antibody productidb8]. An antibody ismerely a solubilized

form of theBCR, and uporactivationby the appropriate cytokineB, cells undergo the
processedo produce antibodiefl59]. B cells undergaclass switching to generate the
antibody isotype appropriate for the particuiltamune responsgl57, 160] B cellsthen
undergoaffinity maturation in which the B cells with the highest affinity antibodies are
selected foclonal expansiofil61]. A B cell thatproduces high affinity antibodies matures

into long lived plasma cellfl62]. Plasma cells migrate to the bone marravd &an
produce antibodies for | ong periods of t
[162]. Allergies can persistindefinitely because ofconstant Hergenspecific IgE

productionby plasma cell§163].
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C. Summary

Allergies and allergic asthma in particulaare a sigrficant burdenboth on
individual sufferers and oaur broader societjl]. Allergies often develop early in life
and allergic asthm& a prevalent childhood diseafy. 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[Z%Though this seems small, for the entire
U.S. population, that is an additional 4.7 million people with asthma ovetya&tGspan.
Though this upward trend is unsettling, advances in treatment of asthma do provide hope.
To exemplify this hope, within theame 26year 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[g. 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 milliomipopulation decrease to 10.6 per million) suggest that modern
asthma treatment strategies alleviate some of the burden of the dided$enetheless,
asthma is a burdensome disease, especially in children. Besides the inherent danger of
asthma, common comorbidities include anxiety, depression, and sleep digafddrs
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 childddn By

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

all ergy prevention than curing allergies tI
prevention is worth a pound of curebo, t hougl
house fires, has been widely adopted by tlelioal field and is appropriate hed66].

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

breaking the process of allergy development early in life childhéibe offereda greater

chance of living allergy free.

Throughout the first chapter, | 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 inhmgyno
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 afh2 immunity[167]. Multiple cell typesin the innate
and adaptive immune system cooperat@gdoerate an allergic respondd7]. Tissue
damage aused byhelminthic parasiténfectioninduces a Th2 response dnelars many
similarities to allergen sensitizatigd1]. Alarmins such adL-33 initiate the allergic
responsg58]. IRF4+ DCsprime naive T helper celisto IL-4 andIL-13-secreting Th2
cells[168]. Th2 cytokinesnduce IgE class switching by B c€l3]. Circulating Ide binds
to mast cells and basophdlausing them teelease histamingpon future allergen exposure
[108, 111, 114]Research conducted by ourselves and others has pointedt¢onal

factors thatause allergen hyperresponsiveness in their childdsh 169171].
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Figure 1

EpithelialCell

Coblet Cell

Figure 1.Th2 Immunity.Allergy is a disorder of Th2 immunity. 1. Allergens lik
house dust mite cause tissue damage, often through secreted pi{8HageH. -

33 is released by damageluced lysis or Gasdermin-Dediated secretion fron
epithelial cells [31, 57]3. DCs recognize the damage, phagocytose the I
antigens and allergens, and present those as antigens to CD4+ T helpé8jce
4. The T cells become activated, primed, gatarized based on the types
signals received from the antigen presenting @8] 69] IL-4 is one of the
definitive cytokines secreted by the Th2 ¢6B]. 5. IL-5 is also a definitive ThZ

cytokine that activates and recruits eosinoplti@. 6. One function of IL13 is

to induce goblet cell hyperplasiasultingin increased mucous productifs8].
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Chapter 2. A model of neonatal allergerhyperresponsiveness

A. The rationale for maternal effect

Several factors influence allergy development in children such as genetics and
environmental factors like pollutiofb, 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 in020children born to asthmatic
mothers are approximately 3.04 times more likely to develop asthma than children born to
nonasthmatic mother@5]. By contrast, children born to asthmatic fathers are 2.44 times
more likely to develop asthma compared to children born teastimmatic fatherf25].
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 rkgindiin 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 sorgentic
maternal factor or factors must Esponsible for the allergdryperresponsivenesstheir
offspring[25].
B. Modeling neonatal allergenhyperresponsivenese mice

Prior to the performance ofd@2@9 metanalysis, a mouse model was created that
elegantly demonstrated a true ageneticand norenvironmentalink between allergic
mothers andneonatal allergeryperresponsiveneqd469]. In this modd, allergy was
induced inbreedingagefemaleBalb/c micevia two i.p. injections with Ova/alum at 10

day intervals followed by three rounds of nebulized 3% /Saine spaced at 4 week
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intervals[169]. As a control,shamallergy induction was performeit fertile females of

the same strain and bred in the same #9]. Three days postpartum, pups were
sensiized with a single dose @va/alum and 1214 days postpartum, pups were exposed
to nebulized ova on 3 consecutive d§¥89]. This isconsidered auboptimalallergen
sensitization becausgpically, two doses of ova/aluarerequired to induce allerdL69].

The investigators observed thaespitesuboptimal allergen sensitizatiopyps born to
allergic mothersdeveloped classic signs of allergasthmasuch as lung eosinophilia
methacholinanduced airwayhyperresponsivenesand elevated serum levelgf Ova
specific IgE [169]. Pups born to ncallergic mothers were subjected to the same
suboptimal allergen sensitization and challenge regbuethey did not develop signs of
allergic asthm169]. By using inbredallergic mothes, the authorsvere able to rule out

the contributionof genetics taneonatal allergen hyperresponsiveness because inbred mice
are almost genetically identicgl69]. Similarly, the authors ruled ouifferences in
environmentafactorsand pollutants because, being reared in the sanemy, the mice
hadsimilar environmental exposurg469]. Our group has recapitulated these findings in
C57BL/6 micewith the same resu]119, 171, 1731L75]. The model has been in use for 25
years across multiple institutignseinforcing thenotion thatthe allergy state of the
mothers, not genetic or environmental factors, is responsible for the observed neonatal
allergenhyperresponsiveneg419, 169, 171, 174175]. This discovery suggested that
indeed, somethingnust be shared between the mothed her offspringduring early

gestation and/or early lifeincethe pups werallergensensitized ethree days of ag&69].
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C. Lessons learned from modeling neonatal allergehyperresponsivenes mice

The model of neonatal allergehyperresponsivenessist described was first
published in 208 [169]. Since then, mltiple importantdiscoveries have beenadeusing
this mode] providing insights into early lifenmune system developmetl9, 169171,
174177). Hamada et ashowedn subsequent studies thhe maternal effect was not due
to an adaptive immune responseich astransferred from mother to offspring69].
Instead the maternal effect was found to taeilitatedby DCs,a key linker cell between
the innate and adaptive arms of immurjity0]. Under the guidancefany mentor, Dr.
Joan CoolMills, previous members of our group showed the importanckpiafs in
facilitating or inhibiting the maternal effedtl19, 174, 175]First, AbdalaValencia, et al,
showedthat lipid soluble UTocopherolblocked the maternal effect, arndocopherol
facilitated the maternal effeft74, 175] Walker, et al showedthat maternall3-GlcCers
werenecessary and sufficient foeonatal allergen hypasponsiveneq4419]. Lajiness, et
al, showed one mechanism of@icCersaction through PK&l beingrequired fomeonatal
allergen hypeesponsivenedd71]. These findingsnake up the backgrourad my work
1. Mother/neonate allergen mismatch

Antibodies are protective proteins produced by the immune systefiO].
Antibodies are highly specific faheir target antigensand some of thepsuch as IgE and
IgG1, areinvolved inallergic response§d7, 178, 179]1gG antibodieggenerated by the
mother crosgo the fetusy binding to FcRn on the placental sytietrophoblas{180].
This provides thdetus and neonate with protective passive immuagginstpathogens
[180]. Passive antibodynediated immunitys a weltknownmechanisnthat could explain

neonadl allergenhyperresponsivenesslowever,experimentsvith the mouse model of
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neonatal allergen hyperresponsiveness suggesiratarnal allergen does not have to
match the allergen of their neonates in ordeoliserve allergen hyperresponsiveness in
the neonates.

The experiment to test this hypothesis is simgg@sitizeand challengéhemother
to one allergen and sensitize and allergen challenge the pups with a different, unrelated
allergenandthen test forallergenhyperresponsiveness the pupg169]. Hamada, et al,
performed thisby inducing maternal allergy againsthicken ovalbumin and testing
neonatal allergehyperresponsiveness bovine caseifil69]. By showing that pups born
to Ova-allergic mothers were hyp@sponsiveo casein, the authors demonstrated that
adaptive respons® the allergen was naequired for allergerhyperresponsiveness
neonateg4169]. Othershaverecapitulated this finding, showing that pups born to-ova
allergic mothers have increased allergic sensitivity to house dus{liiit¢ Therefore,
mechanisms other thantigenspecific antibodies or allergen crossing the placersa
responsible for neonatal allergen hyperresponsiveness.
2. DCs aresufficient for neonatal allergen hyperresponsiveness

Having ruled outadaptive responses as an explanation neonatal allergen
hyperresponsivenesBedulov, et alguestioned whethennate immunity wasltered in
pups born to allergic mothers and sufficienintduce allergemyperresponsivene§s70].
Fedulov, et al. hypothesized thgrofessional antigen presenting cellsuch as
macrophages or DCEpm pups born to allergic mothengere sufficiento induce allergen
hyperresponsiveness in neondteg0]. To test this hypothesighe investigators isolated
splenic CD11ctDCs CD11c/CD11l macrophagesor CD4+ T cellsfrom pups born to

allergic mothers and pups born to raltergic motherg170]. Cells were adoptively
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transferred to pups born to naflergic mothers to compare their effects neonatal
allergenhyperresponsivene$$70, 176] They found thatvhen splenic DCs from pups
born to allergic mothers were adoptively transferred to pups barortallergic mothers
the DCs were sufficient to induce allergen hyperresponsivéhé8k This effect was not
observed wheaplenic macrophages or T cells were adoptively transfgLid). This also
did not occur whersplenicCD11c+DCs were depleted prior to adoptive trangiefO].
This suggests thasplenic CD11c+DCs are necessary and sufficient for allergen
hyperresponsiveness in neorsafé70]. 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 neatal allergic stat¢l70]. 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 cellsThis suggested that, despite the lack noticeable global gene
transcription, DCs are functionally altered in pups born to allergic mothers compared to
pups born to noiallergic motherg170]. 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 fodd0]. Though epigenetic alteratiomsrrelated with
altered DC functionthe experimentation needed to test the necessity or sufficiency of
epigenetic alterations were not condudtecD].
3. Maternal lipids influenceneonatal allergenhyperresponsiveness

The findings of Fedulov, et al suggesattthe DCs from pups born to allergic
mothers are different frottne DCs from the pups born to raltergic mother$170]. The

specific differences in DC subsetgere not evaluatedperhaps because the concept of
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cDC1 and cDC2 subsets was still in its infancy at the time of publication. Furthetheore,
underlying mechanism to explain why the DCs from pups born to allergic eallevgic
mothersvere alteredemained mysterioyshoughepigenetic alterations in the DC genome
may be implicated170]. Previous members of our own research témgan to pursue
lipids as mediators ahaternalinducedneonatal allergen hyperresponsiveriesseveral
reasons. Firstlyjpids readily cross the placenta from mother to fetus via carrier proteins
such as apolipoprote[ti81]. Secondlypro-inflammatory andntiinflammatory lipids are
known mediators of allerg diseasg182-184]. One of the firstipids under investigation
by our groupwere tocopherolsTocopherolsare a class of lipid solublgtamins that
includes Vitamin E [ Tocopherol)[185]. Tocopherols are structurally diverse and can be
pro-inflammatory or antinflammatory depending otfeir structurg185-187]. A distinct
exampleof divergent functions of structurally distinct Tocopherwoisallergic airway
disease is betwednTocopherolando-Tocopherol Maternaldietary supplenentation of
UTocopherol inhibits neonatal allergen hyperresponsiveness, ardTocopherol
exacerbates neonatal allergerperresponsivene$s74, 175, 188]

The other major class of lipids under investigation in our labplsngolipids,
especiallybGlcCersand b-LactosylceramidegbLacCers) bGlcCers andbLacCers are
interesting becauseur lab discovered that these lipids were elevated in allergic mothers
[119]. Further investigation showed thahenbGlcCers werenjected subcutaneously in
pregnant and nursing mothers, they wemalfficient for neonatal allergen
hyperresponsivenefkl9]. Additionally, when elevatefiGlcCers in allergic mothers were
reduced to normal levels using th@&lucosylceramide synthase inhibitor, P4ARR, neonatal

allergen hyperresponsiveness was blocketb]. This suggested that
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necessary for neonatal allergen hyperresponsivgh&9% bGlcCers were further shown
to act through PKQ@ signaling toinduce neonatal allergeimyperresponsiveneg471].
Administration of UTocopherol blockedbGlcCersinduced alterations in multiple DC
subtypes by inhibitindgl7ZIRPKCU signaling in
D. Summary

Children born to allergic mothers are more likely to develop allergies than children
born to norallergic motherd176]. This effect has been modeled in miead | have
described herseveral important findings have been made using this njh@8| 176]
These descriptions are meant to show what is known and available in the literature and to
lay out what is unknown and need&odr examplethe maternakllergendoes not have to
be the same as the neonatal alledfgemeonatal allergen hyperresponsiveri@é9]. DCs
are altered irmouse pups born to allergic mothers and are sufficient to confer allergen
hyperresponsiveness in neondtie&)]. The authors who reported this finding also showed
an association with DNA CpG methylati¢h70]. The dietary lipidUTocopherolprotects
pups from allergen hyperresponsivenidsst, 187] and o Temacerbptbakergenl
hyperresponsivene$$75, 187, 188]MaternalbGlcCersare necessary and sufficient for
neonatalallergen hyperresponsivenefkl9, 171] bGlcCers activity forms the main
subjectof this thesis as | have soughidentify mechanisrma of ation of this class of lipids
during hematopoiesis araing microbiota colonizationlhe work presentesh Chapter 3
describes the experiments | performecthacidate thdunction of bGlcCersin neonatal

allergen hyperresponsiveness.
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Chapter 3: Maternal 3-Glucosylceramidesalter neonate hematopoiesis
A. Introduction

Allergic mother mice are known to have elevated plasma levéiSloCers[119].
bGlcCers are membrane sphingolipids that can be released into the extracellular space via
both regulated and unregulated mechani¢#® 189] The regulated mechanisms of
bGlcCers release include secretion and ET{EE®, 191] Secretion takes place when
bGlcCersloaded apolipoprotein is secreted from cédlls an ABC transporter such as
ABCC10 orABCAL [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 contentfl90, 192] The released contents serve as extracellular traps (ETs) that
ensnare extracellular microbg®?2]. Unregulated release bGlcCers occurs when cells
lyse, either as a result of cell damage or pathageuced lysid44, 189, 190]

Once released from cellsGIcCers act as immunostimulatory signaling molecules
[44]. bGIcCers are known to signal through ayPe lectin receptor called macrophage
inducible Gtype lectin receptor (Minclepd4, 45, 190] Upon ligand binding, Mincle
interacts with the Fc&through a necessary arginine residue in the Mincle transmembrane
domain[193]. FcR possesses immunoreceptor tyrodiased action motifs (ITAMs) on
the cytoplasmic tail that, when phosphorylated, recruit spleen tyrosine kinas¢1(®$4jk)
Syk in turn activates a signaling intermediate called the CARD9 complex, which then
activates NdB [195]. NfaB activates the transcription mhmunomodulatory chemokines
and cytokine$196]. bGlcCers signaling through Mincle modulates the function of several

cells including Mi's, neutrophils, and Ddg#4, 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 laéteeedDC population§119, 174]
Specifically,conventional DC numbers were elevaietetal liversfrom fetuses of allergic
mothers, and inflammatorgmonocytederived) DCs were unaffectd19, 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 p&p#&D]. After the publication of that
paper,expression othe transcription factor, IRF4n DCs was found to beecessary for
the development of allergyt68, 198] Deletion of floxed IRF4 under CD14driven 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 naive CD4T cells to the Th2 typgl23, 168] IRF4, along with the
transcription factor KLF4, are markers used to subclassify DCs a§I982200]. KLF4
and IRF4 are both expressed during hematopoietic differentiation, and IRF4 is expressed
in conventional DCs before emergence from the bone mafi®8, 200, 201] As
described, cDCs are altered in pups born to allergic mothers, but whether those cells are of
the IRF4 DC2 subtype is unknowfil19, 174] Furthermore, Mincle is known to be
expressed iz Us, DCs, andeutrophils[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 mardanved cDC numbers were increased in pups
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born to allergic mothers, | hypothesized that hematopoiesis was altered in pups born to
allergic mothers. | further hypothesizékat bGlcCers 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 trandplaiito, bGlcCerssignaling
through Mincle vasnecessary and sufficient to alter hematopoiesis and increased IRF4+
DC numbersin vivo, maternalbGlcCers 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 hyperresponsivenedteain vitro allergen pulsing the DCs and transferring to the
lungs of normal, allergen naive pups.

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

Ova allergy sensitizatioand airway Ova challenge was perfornreadult female
mice (Figure2A). Bone marrow cells were harvested from 10 day old pups and
immunolabeledas in Figure3. Bone marrow from pups born to allergic mothers had
decreasedumbers oST-HSC (Figure2 B&C). Bone marrow from pups born to allergic
mothers hathcreased numbers &fMP andMDP (Figure2 B&C). The observed increase
in CLP anddecrease in CDP were observed for this experiment only and were not
replicated in other experimentsthe effect of maternal allergy on neonatal CLP and CDP

are inconclusivéFigure2 B&C). For an unbiased approach, principal component analysis
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was applied tahe gated hematopoietic cell types graphed in FigGre Distinct clusters
were observed between pups born to allergic mothers and pups born-abiengic
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

A_ Round 1 Round 2 Round 3
3%Ova 3%Ova 3%Ova
46weekold 2 Ov@AlUm (orSalineonly  (or Salineonly (or Saline greeq Collect
| mouse IPInjections sham) sham) only Bone
/\ (or Alum only sham) sham) | Marrow
| > |[—— [ — [l — 1 RS
10days 4 weeks 4weeks 4 weeks YN pA
0O %
Pt
10-11day 3/
old pups
B. C.rHsc ST-HSC MPP
10000 250 60 | ns.
w' o sTasc T w'q  sphsc PP n.s. b
B | 075 ?“5 [ 8000 200
¢ +— - ) ; 6000 150 40
' . agpo 100
i 3 20
ot 4 . . 2000 50
e T T 0 0 0
o
v d ' ©
8 | MEP GMP CMP
. PR
& g 400000]  n.s. 3000 | *** 200001 s
. I -
e € 300000 15000
. . © 2000
" - Sev— . T ™ Ll c
o d . u O 200000 10000
5 1000
» ] 5 100000 5000
] ] Q 0 0 0
—
B z o
54 wop PR wor s
i g | MDP CLP
o Q E
1 2 N 1000]  «
g 209 800
3 150
3" 6oo| _
400
50 200
0 o
- “ CDP
S T T R TI
. 20001 T
’ 1500
w o w
1000 g
o e 500 &
e ’ e £
o @ ) : @? 0 °
MCSFR MCSFR preD C . ~ ,_,‘I i
2000 3
n.s. . S
B 1500 : ! ;
i § o ' Dim (42.4%)
1000 | _
500 B Pup born to non-allergic mother (n=7)
. B Pup born to allergic mother (n=6)
,R 0

38




Figure 2. Hematopoiesis is altered in pups born to allergic methi) Adult
female mice werallergen sensitized with intraperitoneal Ova/Alum twice &
ten-day interval. Three rounds of three daily airway 3% Ova/saline challenge
administered at-4veek intervals, and mother mice were bred immediately :
the third round of allergen challengBups were not allergen sensitized
challenged. (B)Bone marrow Bmatopoietic progenitor cells were gated as
Figure 3. (C) Significant differences were observed3m-HSC, GMP, MDP,
CDP, and CLP populationa£6-7 per groupWilcoxon RankSum test, *=p<0.05,

**=p<0.01, ***=p<0.001) . PCA was
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Figure3

Lin._Scahi >

FSC-H

Lin-_Sca-

cKit- cKit+ -

FSC-A

FcRg

CD115+_FcRg hi

FcRg

SSC-A

FIt3

MCSFR

proCLP

Fit3

ot ]

Figure3. Gating strategy fobone marrovhematopoietic stem and progenitor ce
Points in black are from pups born to ralfergic mothers. Points in red are fro

pups born to allergic mothers.

37



2. Maternal factors are required to maintain allergen hyperresponsiveness after
neonatal bone marrow transplant.
To test whethealterations in hematopoietic stem cells was sufficiemamtain neonatal
allergen hyperresponsivenesgerformed neonatal bone marrow transpldfigure 4).
Bone marrowfrom pups born tallergic mothersvastransplantednto lethally irradiated
pups born to nowllergic mothers and vice verslaung eosinophilia and CCL2dgene
expression were usetd determineallergic sensitization (Figur® A&B). Full body
irradiation did not induce allergen hypesponsiveness pups born to nodallergic
mothers when bone marrow was reconstituted from pups born talleogic mothersas
seen in theSaline into Salinggroup (Figure5B). Full body irradiation did not ablate
allergen hypeesponsiveness pups born to allergic mothers when bone marrow was
reconstituted from pups born to allergic mothessseen in they@ A Ovagroup (Figure
5B). Interestingly, when bone marrow was transplanted from pups born talleogic
mothers into pups born to allergic mothers, allergen mgpponsivenessas maintained
in the bone marrow recipieas seen in thedine A Ovagroup (FiguresB). When bone
marrow was transplanted from pups born to allergic mothers to pups born-&diergic
mothers,allergenhyperresponsivenesgas not maintaineds seen in the @ A Saline
group (Figure 5B). One explanation is thatllargen hyperesponsivenessoccurs
independently of the bone marrow compartmétiernatively, we hypothesized instead
that maternal factors, were required to maintain altered hematopomstssary for
neonatal allergen hyperresponsivendsstest this, we performed bone marrow transplants
as previously and cross fostered the bone marrow recipients on ntbttersceived the

same dergen sensitizatioar sham treatmertsthe bone marrow dono(sigure4). When
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bone marrow was transplanted from pups born to allergic mothers to pups borr to non
allergic mothers and then cross fostered back onto allergic m@¢eass Saline Ova
fosteredgroup) allergen hypeesponsiveneswas observedFigure 5B). When bone
marrow was transplanted from pups born to-atd@rgic mothers to pups born to allergic
mothers, and then cross fostered onto-albergic mothers, allergen hypesponsiveness

was not observeds seen irthe Sline A Ova Saline-fosteredgroup (FiguresB). These

data suggest that hematopoietic cells from pups born to allergic mothers are sufficient to
induce allergen hyperresponsiveness, but only if maintained on allesthiersconsistent

with a postnatal maternal effect
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Figure 4

A. Maternal Ova airway allergy induction (See Figure 1)
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Figureb5
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Figure 5. Hematopoietic cells from pups born to allergic mothers are sufficiet
induce allergen hyperresponsiveness if maintained on allergic mothers. Bone n
transplants were performed as in Figure 3. (A) BAL cells were attached to micrg
slides via cytepin, stained with hematoxylin and eosin, and enumerated
differential cell count. BAL eosinophils were elevated in4noadiated pups born t¢
allergic mothers compared to noradiated pups born to neadlergic mothers. BAL
eosinophils were elevated OvaA Ova, Salineh Ova, and Ovay SalineA Ova

groups compared toaithe A Saline group. (B) CCL24 gene expressias

evaluated via gR-PCR. CCL24 cT values were normalized to GAPDH @lepT

values were calculated by comparison to the avegajeof the SalineA Saline
group.n=5-21 per groupStatistics were determined via Wilcoxon Rank Sum test \
BenjaminiHochberg correction for multiple comparisons[<0.05, **=p<0.01,

*k=p<0.001).

3. Mincle is expressed irhematopoietic stem cells and initiates a cellular sponseto

bGl cCer s

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

in Figure3A. Mincle expression was first observed at the multipotent progenitor stage of

hematopoiesis and was observed at levels greater than seerHi8@g in all stages of

development{Figure6). Whether cells were obtained from pups born to allergic mothers

or pups born to neallergic mothers did not affect the level of Minelgpression in each

cell type (Figureb).

42



Figure6

Mincle Expression in HSCs
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Figure 6. Mincle is expressed in hematopoietic stem cells. Mother mice
sensitized and challenged with Ova as in Figure 1A. Bone marrow was col
from pups at postnatal day 1Black bars are from pups born to raltergic
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gated as in Figure 2. Data are expressed as geometric mean fluorescence i
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To test the effect dd G| ¢ Grehensatopoiesis, bone marrow cells were cultured
in the presence of GMLSF and FIt3 Ligand fd8 days in the presence bfG| ¢ @nel/ors
a Mincle blocking antibodyb G| c @ereased the total numbers ©MPsand MDPs,
and the Mincle blocking antibody inhibited this eff¢Etgure 7A). IRF4 and KLF4 are
both transcription factorthat are involved ilmematopagtic cell fate determinatioand are
both markers of DC2 cells. KLF4+ CMP cells were increased Bftérl c @eatment,
which was inhibited byani-Mincle blocking antibody treatmeiifigure7 B&C). IRF4+
MDP cells were increaseafterb G| c¢ @eatment, which was inhibited @nti-Mincle
blocking antibody treatmerfFigure 7B). Mincle is known in macrophages to upregulate
its own expression upon stimulation, and this was observed in CMP and MDP cells under
b Gl ¢ @eatmeniFigure7D). This suggestthatMincle is expressed in hematopoietic
cells and is required for IRF4 expression in DC precunsorgro.

Under the given treatmembnditions and time course, CBEnd DCs did not
develop in meaningful quantiti@s 6-day culturesnd did not yield statistically significant
results between treatment groups. Therefore, experimentparféoemedn 9-day cultures
to studyDC development unddr G| c¢ @eatment and Minclénhibition (Figure 9A).

DC populations were gated as in FigugbGlcCers had no effect on Ly6C+
Inflammatorylike moDCs (Figure8B). Total and IRF4+ Alveolalike and Residerlike

bone marrowderived cDCs were elevae d when cul tured with DbDGI ct
was inhibited by treatment by Minclénhibition (Figure 8 C&D). This suggests that

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

developmenin vitro.
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Figure 7.bGIcCers signaling through Mincle is necessary and sufficient to
hematopoietic precursor cell populations. Bone marrow cells were harvested
10 day old mouse pups and cultured for 6 days with@BF and Flt3 ligand. Ce
populations were gated as Figure 2. (A) CMP and MDP cells were increaseo
response t@GlcCers treatment, and this effect was blockedli#yncle antibodly.
(B)IRF4 c el | counts were increased in
was blocked byMincle antibody treatmen(C) KLF4* cell counts were increase
in CMPs when treated with UMiGdecaiibodys
treatment. (D) Mincle+ cell counts were increased in both CDPs and MDPs
treated withbGlcCers, which was blocked WMincle antibody. n=67 per group.

Statistics were determined via Wilcoxon Rank Sum Test with Benjafaohberg
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Figure 9. bGlcCers signaling through Mincle is necessary and sufficient to
BMDC populations. Bone marroeells were harvested from -y old mouse pup
and cultured for 9 days with GI@SF.Cells were gated as in Figure(A) bGlcCers
treatmenandUMincle antibodyhad no effect on Inflammatotijike moDCsor IRF4

cell counts in these cell¢B) Alveolar-like and Residerdike cDC numbers werg
increasedvhen treated with BbGIl c@uncleantibosy
treatment. (CJRF4* cell counts were increased Alveolar-like and Residenlike

cDCswhen treated with bGl cO®inde antibobyi

treatmentn=6-7 per groupStatistics were determined via Wilcoxon Rank Sum T

with BenjaminiHochberg correction for multiplecomparisons (*=p<0.05,
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Figure 10
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Figurel0. MaternalbGlcCers increase fetdRF4+ cDCs. Pregnant mice we
injected daily withbGlcCers or vehicle (ECO) starting at gestational day 10. R
livers were collected at gestational day 18 and prepared as single cell suspeg
Cells werammunolabeledor flow cytometry as in Figure 8. Liver cells from fetus
of mothers injected witfbGlcCers had increased numbers of IRF4+ Alveblar

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

4. Maternal bGlcCers increase fetal IRF4 cDCs.

bGl cCer s originating i n t he mot her ar e kno
hyperresponsiveness in offsprifigl9]. Female mice were injected
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+ AMé@dpCs were

present in fetal livers whehte mot her s were injected with bG

50



controls (Figure 10B). This suggests that mateb@dtCers 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 mothersTo test whether altered BCrom he lung vere sufficient to induce
allergen hyperresponsivenessung DCs were transferred from pups born to allergic
mothers into the lungs of pups born to radlergic mothers (Figre 11A). To test whether
the donor DCs were required foeightenedhllergen sensitization, donor DCs were pulsed
with Ovain vitro prior tolung transfer Tendays after transfer, pups were airway allergen
challenged. Pups receiving DCs from pups born to allergic mothers had increased BAL
eosinophil countsfter allergenchallenge (Figurd1B). Doror lungs from pups born to
allergic mothers had increased numbers of IRF4+ Alveolar cDCs compared to lungs from
pups born to nowllergic mothers (Figre 12). These data suggest that IRF4+ cDCs are
increased in pugdsorn to allergic mothers, and lung DCs from pups born to allergic mothers

are sufficient to induce allergen hyperresponsiveness.
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Figurell
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Figure1l Ovapulsed lung DCs from pups born to allergic mothers are suffi
for allergen hyperresponsiveness. @ghematic of Lung DC Transfer. DCs we
isolated from single cell lung suspension via CD11c positive magnetic selé
from 10-day old pupsDCs were pulsedh vitro with Ova peptide. Ovpulsed DCs
were transferred intratracheally to recipient pbpsn to norallergic mothersat

400,000 DCs per puphirway Ova challenge was administered 10 days later. Sh
is theOvaA Saline group. Other groupsdludedSalineA Ova, No transfeBaline,
and No transfer Ova. (BAL cells were attached to microscope slides via cytos
stained with hematoxylin and eosin, and enumerated via differential cell count
eosinophilsand monocytesvere elevated in neimradiated pups born to allergi
mothers compared to nemadiated pups born to neadlergic mothers.n=4-8.

Statistics were determined via Wilcoxon Rank Sum Test with Benjafuohberg

correction for multiple comparisorfs&=p<0.05, **=p<0.01).
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Figurel12
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Figure 13 . GlcCers
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Figure B. Model of maternalbGlcCers actin on pup hematopoiesis. Model of
hematopoiesis. Cells in grey were found to express Mi@cMaternalbGlcCers are
transferred to pups during gestation and nursingin3vitro, it was found that
bGlcCers treatment resulted in a Minclependent increase in CMfll count and
KLF4 expressionlt was also found théiGlcCers treatment resulted in a Mincl
dependent increase in MDP cell count and IRF4 expressidn. vtro, bGlcCers
treatment resulted in a Minecliependent increase in alveeld&e cDC cell counts
and IRF4 gpression. 5Elevated numbers of IRF4+ alveolar cDCs were foung

lungs of pups born to allergimothers
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C. Discussiom

We demonstrated a mechanism wherbirG| c Gignalsthrough Minclein
hematopoietic precursor cettsincrease the number of IRFélveolar and residerDCs.
ST-HSCcell numbersveredecreased in pups born to allergic mothers, and GNINVDP
cell numberswnvereincreased in pups born to allergic moth&@GIcCers increased CMP,
and MDP numberg vitro. It was known thabGlcCers are ligargifor the Gtype 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 cellglincle expressiofmeasured as geometric mean of Mincle)
was lowest in LTHSC and STHSCs Mincle expression was highest in CLUsuUt since
CLP are not known to give rise ¢®Cs, CLPs were not investigated furthEnus the role
of Mincle in lymphoid progenitors a topic for future investigatioWithin the myeloid
lineage, Mincle expression is elevated @MPs compared to L-HSC, and Mincle
expression peaked in MDPdincle expression remained elevated in GOd®mpared to
MDP, but Mincle expression began to wane in preDI3sis, Mincle is expressed in
hematopoietic cells.

To determine whether Minclevas functional as a signaling moleculeén
hematopoietic precursor cellsyne marrow cells were cultured and treatedtro. Mincle
is known to upregulate its own expression in macrophages and neutrophils when stimulated
[44, 197] In ourin vitro studies, Minclepositive CMP and MDP cell numbers were
i ncreased upon bGlcCers stimul at tbloaking an

anti body. Thi s supports t he concl usion
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hematopoietic precursorsn in vitro experimentspGlcCers increased KLF4+ CMP and
IRF4+ MDP cell numbers. KLF4 expression in CMiBknownto skew differentiation
toward the monocyte lineage and away from the granulocyte lif@@8§¢ This could
explain theobserved increase in MDP numbensvitro and the increased CMP and
decreased GMP numbersviva Increased numbers of IRF4+ MDPs were also observed.
MPDsdifferentiateinto monocytes and cDx}127, 143, 202, 203MDPs had the highest
Mincle expression among myelembmmitted precursors in the bone marrow

IRF4 expression is definitive of the cDC2 subsdd6i5[168, 199] IRF4+ cDCs
are required for allergy inductida23, 168, 199, 203 Commitmentof the cDC2 lineage
is made during the progenitor std@89, 203] Pups born to allergic mothers had elevated
numbers of IRF4+ Alveolar cDCs but not Inflammatory moDTise increased IRF4+
cDC2 cells in turn were sufficient to induce aller¢gmperresponsivenesgen transferred
to the lungs of neonate3.hus, we have demonstrated here a cellular mechanism in which
bGlcCers 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 bornltergic mothers were sufficient to induce allergen
hyperresponsiveness when transferred to allengéve recipient pups.

We demonstrated here that the maternal lipié&§icCers, altered pup
hematopoiesis. ElevatdaGlcCers in allergic mothers are allegedly not of dietary origin
because the allergic and nrahergic mothers both consume the same dibis is of
interest because other studies on the effects of lipids on hematopoiesis focus on dietary
lipids. For example, e study in nofhuman primates found that elevated oleic acid from

mothers that were fed a high fat diet altered hematopoiesis in their off4@0A4g
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Specifically, hematopoietic stem and progenitor cells in offspring from-flaighliet
mothers had increased inflammatory metabolic and cytokine @{i&]. Namely, this
and other studies implicate oleic asmiucedIL-1b as a main driver of increased
inflammatory transcriptional profiles in hematopoietic stem and progenitor [@6lts
206]. Tocopherols are lipidoluble vitamins that can modulate hematopoiesis.
UTocopherol was shown to induce GMP expansion in f26&]. In a separate study,
UTocopherol was shown to maintain CD34+ hematopoietic stem and progenitor cells by
inhibiting oxidative phosphorylation and enhancing the GO cell cycle ja@8¢ Within
our group, materndlTocopherol is known to be a potent anflammatory lipid and to
block allergn hyperresponsiveness in offsprind71, 174] UTocopherol blocked
bGlcCersinduced alterations in multiple DC subtypes by inhibitikg®Pl s i gnal i ng
these cell§171]. The studies reported here are the first known to showigmalingof
bGlcCersthrough Mincle inhematopoietic celland to mechanistically connect that
signaling to a disease such as allergy.
D. Future Directions

One of the key limitationsf this study was the dependermeanin vitro model to
determineantibodyinduced Mincle inhibitionThoughin 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 nutraalability, and the full cytokine and
chemokinemilieu. To make these studies more robust,irnvivo model needs to be
established to confirm the vitro findings.Development o model is under way wherein
a Minclefloxed mouse model is being crossed vatMCSFRCreand CD11eCreso that

Mincle is depleted in hematopoietic cells of M®P lineageand inDCs respectivelyln
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this model, if Minclestimulationis required for IRF4+ DCs from the MDP lineage, then
elevatedlIRF4+ DC numberswill be observed in pups born to allergic mothers or in
mot her s 1 nj ectTus, theiMintlidlob dleledrnCvevo vall. supplant the
Mincle blocking antibodyn vitro. Usage of the Minckblocking antibodyin vivo is not
feasi ble because we showed that bGl cCers ac
increase in IRF4+ DCgheMincleant i body is of the 1 gG2ba is
cross the placentand 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 | have shovitno that bGlcCers
signal through Mincle during hematopoiedris,vivo studies are more meaningful when
determining strategies of therapeutic intervention because they would give a more holistic
view of the effects obGl c Cer s and Mincle. Whethem bGI cCe
vivomust be confirmed experimentally, and if the experiments fail to recapitulet was
observedn vitro, then one must conclude thatn bGIl cCer
vivo.

Findings such as these are necessary to decide whether to plan Mincle blocking
therapy to counter allergic asthma development. Mimtiéition hasbeen successfully
used againstilcerative colitisand psoriasis in mouse models of these diseases with the
hopes of using them in humaft93, 209, 21Q] Therefore, Minclanhibition 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. | showb&ltd@ers

increased IRF4+ DCs in pups before they were exposed to the model allergen. | showed
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no evidence that suggests that blockiigjcCers could reverse the lotgrm effects of
allergies (like allergesspecific T and B cell memory formation) once they are established.
This would suggest that a Mineldocking therapeutic would have to be administered in a
human before symptoms apped more practical approach would be to identify
preventative measures targetbi@lcCers signaling during fetal and neonatal development.
Previous studies showed that maternal dietary Vitamin E supplementatioableato
block the allergypredisposing effects @GlcCers in pup$l74, 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 formulatigd4]. 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 CBlack/6 Jackson (C571B6J)
strain. Mice were purchasetfom The Jackson Laboratgridar Harbor, MEor bred in
house byCCEH core facility at Indiana Universityfhese studies were approved by
Indiana University Institutional Animal Care and Use Committee.
2. Induction of Allergy

Ova allergy was induced in-8 week old female mice via 2 intraperitoneal

injections(200mL) with Chicken Egg Whit®©vdbumin (MP Biomedical #191224Grade

V (Ova) (5mg)/Alum (Sigma #A7210) (1mg) spaced at 10 day intervals. Airw&va
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challenged was administered in three rouafi®iebulized 3% Ov4Sigma #A2512)n
normal saline or saline ongpaced at 4 week interva@ne round of Ova airway challenge
consisted of three consecutive days3% Ovadissolved in normal salineebulized with
a DeVilBiss PulmeAide compressogiven for twenty minutes in a closed contaimented
wi t h a 3o/ ndamtainhambient pressur®others were cohoused with males
immediately after the final round of Ova airway challenge for breed@hgm controls
consisted of Normal Saline/Alum for i.p. injections and Normal Saline only for sham
airway challenge. Pups wersuboptimally sensitized with one round o0l of
Ova(bng)/Alum(1lmg)at ~day 4 of ageAt ~ day 14 of age, pups werhallenged witlone
round of four consecutive days nébulized3% OvaSalineairway challengeAll pups
received Ova sensitization and challenge because allehgperresponsiveness
conferred by the allergy state of the motlelG| ¢ Cer s wer e suspended i n
oil (80% PEG3%Sigma#5135)+ 20% ethanol) at 0.12¢/cL ( 1 6 : 0 (AGntc Cer )
Polar Lipids 860639P) 0.02&9g/L(18:0 b G| ¢ Awant) Polar Lipids 860647P)
0.002&g/eL ( 1 8 : 1 b(Bvarti @aar lipids 860539R, 0.176¢g/cL(24:1 bGlcCer)
(Avanti Polar Lipids 860549P) The bGlcCers mix was injected subcutaneously into
pregnant and nursing mice beginninggastational day 10 dailynjection sitesotated
daily between the two flanks and the nape. discouragenothers from rejecting pups,
bGlcCers 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 viaatygometey
attached to glass slides via cytospin, and stained with hematoxylin and@0kRd was

measured via qRT PCRith a Tagman primer/probe (Thermo Fishe®@44470) and

61



normalized to GAPDHThermo Fishe#mm99999915h For RNA isolation, lung samples
were snap frozen with LN2in 1:1 RNALater (Thermo Fisher # AM7020):Trizol
(Invitrogen #.5596018 and stored at80 C. To process lung tissue fR&NA isolation,
lung tissue was removécbm RNALater/Trizd andhomogenized in straight TrizdRNA
was isolated fromhomogenized tissue with the RNeasy kipiagen #74136)per
manufacturer instructiongungsfor flow cytometry were processed to yield single cell
suspensions from whole lung tissue. Lungs were incubated in DN@s& mg/ml)
(Millipore-Sigma #11088866001and Collagenase [§0.875mg/ml) (Thermo Fisher
#J62229.03)at 37° with agitationin Miltenyi C tubeswith the GentleMACS system
(Miltenyi). Cells were strained through a<f strainer. For DC isolation, lung tissue was
processed to yield single cell suspenseomd strained with a #on filter. The CD11c
positive selection kit was usegder manufacturer instructions (StemCgil878(Q. Bone
marrow was harvested by excising the epiphysis of the tibias and feBanss were
placed vertically irperforated.5mL tubeswhich were nested in 1.5mL tubes. Bones were
centrifugedand bone marrow was collected for staining or cultBed blood cell§rom
lungs and bone marrow were lysed WRBC lysing solution (BD Bioscienceé®%55899.
4. Flow Cytometry

All centrifugationgook place at 1,200 RPNL58.4g)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 75um cell strainer, and
centrifugedCells were stained with Zombie Aqua cell viabiltyin (Biolegend 4#23101)

at 1:1000 irR5C L of PBSfor 15 minutes at room temperature. Cells were centrifuged and

rinsed once with PBS. Cells wefxed with 2 5 0 ¢ | of f thexTauNuclgae from
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Fix/Perm kit (Biolegendt42440) for 20 minutes at room temperature, centrifuggoed
overnightat 4°Cin 50C| Cytolast buffer(Biolegend #22501) After storage, aliquots

were separated for staining into-@@ll U-bottom plates(Falcon #353077gllowing

multiple stain sets to be applied to the same samples. Subsequent staining took place in
30l of antibody + staining buffer. Subsequent rinse steps took place by resuspending in

20CeL of Flow Cytometry Staining Buffer (Invitrogen #822226), centrifugng, and

decanting. Cytolast buffer was removed by centrifuging and rinsingonetimec o Recept or

was blocked with artHCD16/32 (BD Biosciences #553142at 1:100 added to the
fluorescent antibody mix Mincle staining was carried out in a tstage,
primary/secondary approach. Fixed cells were stamed50with antkMincle antibody
(Invivogen #mabgnmcl) alone rinsed 3 times, anfbllowed by fluorophoreconjugated
antirat 1gG clone Poly4054(Biolegend#405430)at 1:500 Most of the other antibodies

used are generated in rat, so #specific binding was blocked by adding unconjugated
ant-Rat 1gG 2l clone eB149/10H%Invitrogen #164031-85) at 1200before proceeding

with further stainingCellswere stained with the conditions outlined in Tabferll hour

at 4°C. Cells were rinsed 3 times aincedwi t h 200 ¢ | of fixative
Fix/Perm kit for 15 minutes at room temperature. Cells were permeabilized by adding
200eL of 1X permeabilization buffer from
room temperature for five minutes, cefuiging, and repeating 3 timebheIRF4 antibody

was diluted in permeabilization buffer and stained for 1 hour at 4°C and rinsed 3 times
KLF4 was stainedy biotinylatinganttKLF4 (Raybiotech # 1024314) andbinding to
substrate cells at 1:20@ells were washed and stained wifthorophoreconjugated

streptavidin (Biolegend #405249pht 1:1000 for 20 minutes at room temperature in
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permeabilization buffer and rinsedfter the final stain, cells were rinsed 3 times and
resuspended in 16Q of permeabilization buffer for analysis on the cytome&amples
were analyzed on a Cytek Aurora Spec@gtometer.Data were analyzed with FlowJo
v10.8.2.Fluorescenminusone controls were made for all targets and used to set all gates.

Table 1 Antibodiesused for flow cytometry

DC Stain Dilutio

Set Clone Fluorophore n Company Cat#
pan CD45| 30-F11 Alexa Fluor 700 | 1:200 Invitrogen | 56-0451-82
CD45.1 A20 BV605 1:200 Biolegend 110737
CDA45.2 104 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-Al-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 BVv421 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 76m filter as describednderSection CTissue CollectionThe CD11c +
selection kit was used per manufacturer instructions (Ster#C8180). For lung DC
transfer, DCs were pulsed wighg/mL Ova peptide829-343 GenScript #RP10610) for
2 hours in RPMI+10% fetal bovine serumt 37. Cells were washed with PBS and
normalized to400,000 cells/50L. 10-day old pups were anesthesized under isofluorane
and 5@ L of cells (400,000) were transferred via intratracheal administradtbdays after
DC transferthe recipient pups received four consecutive days of 3% nebulized Ova/Saline
treatment as described und@sction Binduction of Allergy
6. Bone Marrow Transplant

Neonatal bone marrow transplant was conducted as described preViiLsly
Briefly, bone marrow was harvested via centrifugation and normatié€ cellsi30sL
PBSand stored on ice until irradiation of the recipie@tslay old mice weradministered
a lethalradiation dose of 900rads with a Markll CesiiBY gamma irradiator. After
irradiation, mice were sedated on ice for 5 minutesracanstituted with 1bone marrow
cells via 3@L intrahepatic injection with a@Bgauge needland placed back with their
mothersor cross fosteredn mothers that match the treatment conditions of the mothers of
the donor pupsOn postnatal day 7, ice wereallergensensitized with one i.p. injection
with Ova/Alum Starting on postnatal day 17, pups warellenged with four consecutive

days of nebulized 3% O\as described und&ection B:induction of Allergy
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7. Bone Marrow Culture

Bone marrow cells were harvested from tibias and femurs via centrifugegion
descri bed unde r8xtFicellsveere plated orl 12 wedl plate®efisovere
cultured in RPMI(Corning #15040-CV) supplemented witi0% fetal bovine serum
50eg/mL gentamycin(Gibco#15750060), 10mM L-glutamine(lnvitrogen #£5030081),
1mM HEPES(25-060-Cl), and5.55ng/mLb-mercaptoethanoFor DC generation, cells
were supplemented withg/mL GM-CSF(Peprotech #3183)for 9 days, and media was
refreshed every 3 days. For HSC generatoatis were supplemented wiing/mL GM-
CSF andLOOng/mL FIt3L(SherandoalBiotechnology £20-06). bGlcCers were added as
a mix in DMSO (4nL DMSO+bGIcCers into 1mLmedia+cells)in the following
concentrations: 16:@GlcCeri 40ng/mL, 18:0 bGlcCeri 400ng/mL, 18:1bGlcCeri
40ng/mL,24:1bGlcCeri 2000ng/mL.
8. Statistics

Data in figures were analyzed by a emay ANOVA followed by Wilcoxon Rank
SumTest.Statistical tests wengerformedn R. For multiple comparisons, the Benjamini
Hochberg correction for multiple comparisons was used¢ount for false discovery rate.
Error bars represent the standard error of mean. The PCA plot was generated with R

functionprincomp and ellipses are placed at the 95% confidemesvd.
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Chapter 4: Maternal allergy influences neonatal lung microbiota

A. Introduction

The microbes inhabiting our bodies plagignificantrole in our health. A unique
challenge faced by newborns is establishment of a healthy, balanced microbiota. The
current dogma suggests that infants are introduceddmbesduring parturition; though,
some suggest that the fetus can encounter microbes during geg&it®n217]
Nonetheless, during the first few days of life, microbes colonize the newborn, and this is
true for all placentals including humans and njk7, 218] The identities and numbers
of the colonizing microbes has a great impact on the health of the indiyadil218,
219]. The microbes that colonize the lungs are acquired from two sources: inhaled air and
from the oral cavity220]. Typical tidal volume for a newborn human is ~15mL and has a
respiration rate or ~45 breaths per min@21]. Room air typically has between Gd.1
colony-forming units of bacteria per litef222]. 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 methodf microbe inhalation is through the oral cavity, and this is likely the more
prevalent method of microbial introducti¢220]. The newborn oral cavity is exposed to
the vaginal microbiota during birth and to the skin microflora during breastfe2i6g
Inhaling through the mouth, which typically only happens during crying in newborns,
results in inhalation of the microbes that are present in the nj@a#j. Therefore,
maternal microbiota composition has a large impact on the microbes to which heisinfant
exposed224]. Mouthing behavior in humans (when babies put everything in their mouths)

typically begins at 3 months of age, which plays a role in microbial colonization at later
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stages of infancy225]. The types and numbers of bacteria colonizing the lang®f
interestbecause they are altered during pulmonary diseases such as ak#ngie{226-
230].

Multiple factors influence microbial composition of both adults meaborns. One
such factor is the diet. It is known that dietary tocopherole laa impact on allergen
hyperresponsivenessn neonates [174, 175, 187, 188] Dietary UTocopherol
supplementation in the mother ablates allergen hyperresponsiveness in ngbfites
Conversely,oTocopherol exacerbates allergen hyperresponsiveness in nefliéh¢s
Microbiota inthe lungs of allergic adults, children, adult mice and neonatal mice all have
increased proteobacteria and decredmtteroidotd231-234]. 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 knbwerefore, we
transferred the lung microbiota from pups born to allergic motiwetse lungs of pups
born to norallergic mothers and vice versBups were then subjected to suboptimal
allergen sensitization and challenge to test whether the lung microbiota was sufficient to
cause allergen hyperresponsivendasconjunction, wesought to test whether dietary
tocopherols from the mother impact lung microbial composition in neonates and whether
the lung microbiota is sufficient to induce allergen hyperresponsiveiéssefore,
allergic mothers were fedTocopherolsupplemented digind bred The lung microbiota
from pups born tdJTocopheroisupplemeted allergic mothers was transferred to pups
born to norallergic mothers and the pups were subjected to suboptimal allergen
sensitization and challeng® test thefunctional effect of Urocopherol onallergen

hyperresponsiveness.
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B. Results
1. UTocopherol inhibits neonatal allergen hyperresponsiveness to Ova and House
Dust Mite.

It is known thatUTocopherol inhibits neonatal allergen hgesponsiveness to
suboptimal Ova sensitization and challengelps of OVAchallenged mothers were
responsive to suboptimal sensitization and challenge with OVA (FigiukeB). Here, we
showed thatJTocopherol also inhibits neonatal allergen hygsponsiveness to House
Dust Mite (Figure ¥ C,D). Neonatal allergy was demonstrated by increased BAL
eosinophilmonocyte, and lymphocyteumbergFigurel4 B,D) and increased expression
of IL-5 (Figure 14 E). Maternal dietaryUTocopherol supplementation blocked allergy

development in neonates in both Ova and HDM mo(etgire 4 B,D,E).

Figure 14. Enhancedesponsiveness to challenge with HDM or OVA by pups
mot her s wi t h all ergy was i nhi bi-t
tocopherol. The allergen of the mother and offspring can difeC)( Allergic

andnoral | ergi c mothers received basig
mg UT/ kg of di et) during pregnai
sensitization and allergezhallenge of mothers and offsprind,D) Pup BAL
eosinophils, monocytes, lymphocytes and neutropts Relative IL-:5 mMRNA

expression in lungs of HDMchallenged pups of allergic and nalhergic mothers

wi t h b a ssapplemented dik®. BAL, bronchoalveolar lavage. i B
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Figure 4
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2. Pups born to allergic mothers exhibited lung microbial dysbiosis compareto
pups born to nonallergic 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 positiitaly
Proteobacteria abundance and negatively with Bacteroidota abundance. Interestingly, we
found that at postnatal d@yND)4, pups born to allergic mothers had increased abundance
of Proteobacteria and decreased abundance of Bactergidota g2 FC > 0. 6, FDR
compared to pups born to nailergic mothergFigure15A). Thiscontrasts with previous
experimentdy others that assessed microbiota in offspring after allergen exjpenaese
our pups were not allergic at the time the lung microbiotacstiscted To test whether
Ova allergen challenge and materndlocopherol supplementation alters pup lung
microbiota, BAL from pups born to neailergic mothers or allergic mothers given basal
diet orUTocopherolsupplemented diet were assessed for lung microbimposition via
16S rRNA gene sequencing. GraandGrant bacteria were observed via Gram stain and
microscopy in the BAL of PND 16 pugfigure15C). Pups born to allergic motherscha
lung microbiota dysbiosis withncreased Proteobacteria and decreased Bacteroidota
compared to pups born to nallergic mothers after suboptimal Ova allergen sensitization
and challenge(Figure 15B). This dysbiosiswas blockedby maternalUTocopherol
supplementation.There were increases in several taxa within BPm®teobacteria,
Firmicutes, Fusobacteria and Verrucomicrobia but decreases in taxa with the Bacteroidota
and several other Firmicutes, Proteobacteria and Archaea compared to pupaltdrgon

mothers and as compared to pups of allergic mothers suppleenén wi t h UT ( Fi gur
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Figure B

A

Increased bacteria in BAL of pups (PND4) from OVA basal mom

Phylum  Class;order;family;genus
ProteobacteriaGammaproteobacteria; Pseud dales; Pseud q
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Decreased bacteria in BAL of pups (PND4) from OVA basal mom
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| Epsilonbacteraeota, Campylobacteria

“ Firmicutes, negativicutes
" Fusobacteria, Fusobacteriia
¥ verrucomicrobia, Verrucomicrobiae

iob o Aetinol
HA ia, Act ia

¥ Firmicutes, Erysipelotrichia

“ Firmicutes, Bacilli

HFirmicutes, Clostridia
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Figure 15. Pups of allergic mothers have altered lung bacteria micreae were

composition. Mouse treatments were asHigre11A). BAL microbiota from pups
at (A) PND4 and B,C) 24h after OVAchallenge (PND16) was separated 3
analyzed by 16S rRNA gene sequencing antdaiobiotaanalysis pipeline.A) At
PND4, before allergen exposure, there was increased Proteobacteria and dg
Bacteroidota in the |l ungs of offspr
as compared to offspring of nallergic mothers with basal dieBY ASV table of

the relative abundance of phyla within the total pup BAL bactemigrobiota

cked by
as

ia
amily

and this

m the

*p< 0. 05 compar ed) BAb miadbibtz from gup BALPPND16n and

were separated and concentrated by differential centrifugation as in the me

suspended in minimal volume for fixation in a small spot on a glass slide and s

est

before

with Gram stain from bacteria. Representative images of lung microbiota are s

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 hypegsponsivenesa 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 witfDva allergerfFigurel7A). For the transfers, the pup growpe designated

as

mat er nal treat ment of the donor p

ups

donor sample 16%icrobiota had increased Proteobacteria and decreased Bacteroidota

taxa in the lungs of offspring of allergic mothers (log2FC>0.6,FDR<0.1) (Figikg
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b. The PND4donor microbiota had altered alpha diversity and beta diversity.

The PND4 donor microbiota groups had a similar Shannon wgtop alpha
diversity index; the Shannon Index incorporates total number of bacterial species and
relative differences in the abundancerafious species in the microbiota community of a
group. For betdaliversity 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 badctérmicrobiota; the weightetdnifrac analysis
incorporaeés only the relative abundance of taxa shared between samples and the
unweightedUnifrac analysis incorporates only the presence/ absence of taxa between
groups. In contrast, when incorporating both overall abundance per sample and abundance
of each taxa fothe microbiota communities by the Br&urtis betadiversity distance
analyses, there was clustering by PCA for the donor saline groups and for the donor OVA
groups, which was unaf fdwerdityewds alsyassdsed foFtheg ur e 1
PND16 pup microbiota from the BAL of allergechallenged pups with and without
microbiota transfer. Without the microbiota transfers, the BAL of alledtienged
PND16 pups from allergic mothers (hadbe no do
decreased alphdhi ver sity as compared to the saline g
and the no donorY Sal/UT group in Figure 15
of allergenchallenged PND16 pups of allergic mothers (OVA) as either dorreciients
(designateh s mi cr obi ota donor Y reci pdiversitaspairs o
compared to several control groups, includir
the no donor Y Sal/ UTor -diviersity way @ssessedTor tie OV A/ U

PND16 py microbiota from the BAL of allergeohallenged 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 betwgesup betadiversity bacterial

microbiota analyses (Figure 16 B,C). In the PCA plot of the Hrastis betadiversty

distance analyses of the allergen challenged pups without donor microbiota transfers, there

was some separation of the no donor Y OVA/B
groups (Figure 16A). In the PCA plot of the Bi@urtis betadiversity distace 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 Feglis). 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 Gammproteobacteria and decrease in abundamicthe class Bacteroidota
(Figure 14B), as compared to the salinel/B Y
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 (@BJAthere 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 B

Total % abundance

Proteobacteria

for Taxawith S E——
an increasein amma-Pr oteobacteria ]
OVA, basal group | Moraxellaceae ~ Halieaceae Pseudomonas Vibrionaceae ﬁp,gﬁéﬁggtaeg?;ﬁg
Mother:
Treaiment, Diet | g 307 | 00877 08 06 0.20 o5
, ] * * *
=Sal|_ne Basa = 25 0.061 061 015 20
Saline, UT 5 207 0.41 15
OVA.Basl | & 15/ 0.041 0.4 0.101 0
OVA, Ur 3 10 02
0.021 0.2 ' 0.05i
R L 5] | &l
o) 0- 0 - 0 0 0 0
= Firmicutes Fusobacteria Verrucomicrobia
@© | Lachnospiraceae Lachnospiraceae Lachnospiraceae Lachnospiraceae || Leptotrichiaceae|| Akkermansiaceae
m &) Roseburia Blautia Sellimonas Uncultured Leptotrichial Akkermansia
@ = 0.020 0.015 * 0.015 0.0251T—% 0.03 0.15
*
¢ £|0015 * | 0020
2 0.010y 0.010 0,015 0.02 0.1
E T 0010 '
£ 000 0.005, 0.005 0.010 0.01 0.05
O ' 0.005
= 0 0- 0 0 0 0
S5 e Bacteroidota : Firmicutes Alpha | Archaea
-l decreasein Prevotellaceae Ruminococcaceae  Ruminococcaceae ||Proteobacteria  |["Methanomas-
O OvVA basaigroup | Prevotella9 Oscillibacter UCG-014 Rickettsiales || siliicoccales
£ 015 0.015 0.010 03 0.020 0.012
@
S 110 0.010 0.02 0.015 0.008
§ ' 0.005 0.010
S 005 0.005 0oL 0.005 0.004
k& 0 o
0 0
NS 0

Figure 16. Pups of allergic mothers have altered bactemierobiota Mouse
treatments were as irFigure 14A). Pup BAL microbiota wereseparated anc
analyzed by 16S rRNA gene sequencing at PND16. Shown are the % abu

for pup BAL bacteria with a significant difference in the OVA/Basal gr¢

compared to the other grouppg 0. 05.
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Figure 7
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Figure 17. After intranasamicrobiotatransfers and airway allergen challeng
pup BAL microbiotahadincreased Proteobacteria and decreased Bacterg
taxa for pups that were either recipient pups of mothers in the OVA,basal
or were pups receivinguicrobiotafrom pups of mothers in the OVA,bas
group. @A) Timeline for treatment of mothers and pupB) Oonor BAL

microbiotawas administered intranasally in filDto PND4 recipient pups (a
indicated in figures as the group of pups providing donor BAtrobiaa for

transfer into a recipient gr delpw

arrows on the xaxisare those groups with donor and recipients within
same group. IRED BOX are groups with recipient or donor microbiota
PND16 pups of allergic mothers (OVA/basal). Blue arrows within pang
indicate that Bacteroidota are decreased and GaRrotaobacteria arg
increased in groupsinredbdx= 8/ gr oup. I n panel
in 0.09% saline; nevertheless, it did not alter the foléatfon BAL cell
inflammation which is included inFgure § with data from 7microbiota
transfer experimentsC{) In RED BOX are recipient or donor microbiota (
PND16 pups from allergic mothers (OVA/basal). Data are presented as p
abundance of  bacteria taxa. p< 0. 05 as C
Saline,basal Y Saline,basal growu

treated mot her wi t h -tbraesaatle d d ineott.
supplemented diet. OVA/B, OVA allergereated mother with a basal die
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Figure 18. Alpha diversity was altered after lung microbiota transidter

intranasalmicrobiotatransfers and allergen challengimg microbialalpha
diversity wasassessed ifA) donor and(B) recipient pupsvia Shannon
diversity index Data are from the same samples described and analyz
Figure 17. *p<0.05 as compared to the saline,bagasaline,basal group

+p<0.1 as compared to no domprsaline,basal group.
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Figure B
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Figure 19. Beta diversity was altered after lung microbiota trangféer
intranasamicrobiotatransfers and allergen challenge, lung microbial beta
diversity was assessed ief A, left B, and left § donor andright A, rightB,
and right G recipient pups(A) Bray-Curtis, (B) weighted unifrac, and (C)
unweighted unifrac analyses were performed for donoregidient pup lung
microbiota Axes show percemariance observed in each of the top two most
variable principal component®ata are from the same samples described and

analyzed in Figuré?7.

3. Transfer of the dysbiotic BAL microbial community of pups of allergic mothers
to pups ofnon-allergic mothers conferred enhanced responsiveness to allergen in
the recipient pups, demonstrating a functional role for the lung microbita.

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
allergenhyperresponsiveneds/ assessing BAL cells. Pups born to allergic mothers fed
basal diet had increased BAL eosinophils, monocytes, and lymphocytes, which was
attenuated by maternal dietddfocopherol supplementati¢figure20). After intranasal
microbiotatransfers 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 receimiggobiotafrom pups of mothers
in the OVA, basal group (i.e. OVA/B as donor or recipient) as compared with the pups of
the control sal i (FgureR0).Y Tshael i cheen dBr g¥ omueci pi eni
without an OVA/ B group in the donor or the recipients did not develop lung eosinophilia

after allergen exposu(&igure20).
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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 Y O0OV!/
had elevated rdi-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 arm@VA IgE in these pupéFigure2l). In contrast, there were no
increags in antiOVA 1gG2b and antOVA IgG1 (Figure21). The chemokine CCL11,
which mediates recruitment of eosinophils, and-38, which induces allergic
inflammation, was increased in the groups with OVA/B as donor or recipient and in the no
donor Y OV@EiHuBe22y Bimilary, IL-5 andIL-13 had a significant increase
in the no donor Y OVA/B group and had either
the microbiota transfer groups with pups of OVAfBated moms that were either the
donor or recint of the microbe transfe(igure22). Mucb5ac was increased in several
groups that had OVA/B as donor or recipi€éhigure 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 Mucbac(Figure22). There was also no increase in3B for the
recipient pups with saliner eat ed mot her s, except a small
saline/B grougFigure2?2). Thus, transfer of microbial communities with the OVA/B group

asthe donor or recipient regulated these
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Figure 20. Recipient or donor microbiota from pups of allergic moth

(OVA ,basal) conferred responsiveness to allergen in the recipient pups (rec
Mice weretreated as in timeline inFgure 14A) BAL (A) eosinophils, B)
monocytes, €) lymphocytes, andd neutrophi |l s ar e
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Figure 21. Recipient or donor microbiota from pups of allergic mothers (OVA,bg
conferred allergen sensitization with increased IgE but not increased IgG2b of
(red box). Mice were treated as in timelinefigre14A). Serum A) antrOVA IgE,
(B) antrOVA IgG2b, and C) anttOVA IgG1 as determined by ELISA. Data a
presented
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Figure 22. Recipient or donormicrobiota from pups of allergic mother
(OVA,basal) conferred allergenduced increases in CCL11,-13, IL-5, IL-33,
and Mucbad(red box). Mice were treated as in timeline KFigre 14A). Lung
cytokine expression was determined by qP@8.GCL11. B) IL-13. C) IL-5. (D)
IL-33. E) MucbacN= 1%/ gr oup. Data are pN=eist
9/group. Sal/B, saline r eat ed mot her wi t Hreabed mahkr
with U Tsupplemented diet. OVA/B, OVA allergéreated mother with a basal die
OVA/ UT, OVATr ahtl edg eno-suppementedidiettp< U0 . (
compared to the salinepbaBads5 VYasa

saline/UT Y saline/UT group.

mediators of allergic inflammation. These novel transfer studies demonstrate that
the dysbiotiamicrobiotaof 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 UT conhoceaphatobnéoWheomohbeny
[186-188, 235, 236]To extend our microbiota studies in mice to humaves,analyzed
data fromthe INHANCE cohortan urbanhumaninfant (birthi 18 months) cohoit was
determined whether infants within the the Indianapolis, IN arednfants from the
INHANCE cohortwithananti nf | ammat ory tocopherol isoform

0T Il evels) had an altered microbiota compo
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I nfl ammatory tocopherol i sof or m mgmwhbwotai | e ( hi
associations with an antiflammatory tocopherol profile, the INHANCE cohort infants

that had 16S microbiota data and sufficiplasmavolume for tocopherol analysis were

placed in groups based on[23NeTthe raediarplhi3maand o T
tocopherol concentrations dt3months ofagewere BM UT & rvd oZ. @&aind at 12
18 months of age were M UT (GM do 2 2).TThebhigteer medians fori 3

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 oT, low UT) , Q2 (high oT, high
high UT) were defined using the mpthusan ser un
themicrobiotaof groups Q1, Q2 and Q3 groups were compared to Q4 becausd@de

anti nf | ammatory profile (low oT, high UT) for
and wheezg186-188, 235, 236and had the highest lung functif287]. To examine the
associations of UT without elevated 2T, as |
(Figuresli9), Q4 was compared to Q3. In infants53months of age, there was a

significance or trend for higher % abundance in some Firmicutes and Bacteroidota taxa in

Q4 compared to Q3 (Figu9A). As infants, the airway microbiota matures from birth to

1 year of ife [238-240]. In INHANCE infants at 118 months of age, there was

significantly lower % abundance in a Firmicute in Q4 compared to Q3 (FABE

Moreover, for the group Q2, which has a{fotlammatory tocopherol isoform profile with

allergic lung inflammation antunction [186-188, 235, 236]there was a significantly

higher % abundance in taxa of a Firmicute and an Proteobacteria (FaR)eThese data
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suggest that tocopherol profiles associate with altered microbiota abundance of several taxa

in infants.

Table 2: Infants grouped by median serum dafido c opher ol an

concentrations in the INHANCE cohort.

A 3-5 mo, serum tocopherol
Group | hT(>M) | ‘T (>M) N
Q1 <28 >2.6 7
Q2 >28 >2.6 15
Q3 <28 2.6 13
A4 >28 <2.6 8

B 12-18 mo, serum tocopherol
Group | hT(>M) | ‘T (>M) N
Q1 <19 >2 11
Q2 >19 > 14
Q3 <19 <? 11
4 >19 <? 14

Table2. Grouping of infants by med

the | NHANCE cohor tinfantSia thalMiANCE cehorf
were measured by HPLC. Medi an
infants at A) 3i 5 months andR) 12 18 months of life. Four groups Q]
Q2, Q3, and Q4 of infants foii 8 months and for 128 months infants
were generated wusing high and

higher or lower than the median for the tocopherol isoform for the

group N, number of participants in group.
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Figure B
A. Infants 3-5 mo of age

Firmicutes Bacter oidota
Ostreptococcales- .
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B. Infants 12-18 mo of age

Proteobacteria

Firmicutes Alpha-Proteobacteria
Lachnospiraceae; Osillospiraceae; | | Paracaedibacter aceae;
Tyzzerella UCG-002 uncultured
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Figure 23. Infants with an aniinflammatory tocopherol isoformrofile (higher
uT, | ower oT) for allergic respo
mi crobiota compared to other toco
infants in the INHANCE cohort were measured by HPLC. Four groups of in
(Q1, Q2, @, Q4) for 35 months and for 128 months infants were generat
using high and | ow U Tabla2that wefle defited a
higher or lower than the median concentration for the tocopherol isoform fg
age group.A) 315 months andR) 12 18 months of lifep values are given fo

significant differences or trends in taxa compared to group Q4.
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5. Maternal bGlucosylceramides induce allergen hyperresponsiveness in pups.

Adult female mice were injected daily withGlcCers or the vehicle contro|
ethoxylated castor o{ECO), starting at gestational day 10 until wean{kiggure H4A).
Pups were allergen sensitized -goostnatal day 4 and allergen challenged on ~postnatal
day 14 (Figure 24A). Pups born tobGlucosylceramide mothers exhibited increased
allergen sensitivity assessed via increased BAL eosinommlitlymphocytenumbers
(Figure 24B). This recapitulates previous findings in whid&GlcCer induced lung
eosinophilia,allergenspecific IgE,lung IL-5 expression, and lung CCL24 expression

[119].

Figure 2
Daily maternal i GlcCers subcutaneous injection
L [ | | ||
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Figure 24. Maternal bGlcCers are sufficient to induce allerge
hyperresponsiveness in offsprir{@) Mother mice were injectesubcutaneously
wi t GlcCdrsdaily beginning at gestational day 10 and continuhmgughout
pregnancy and nursing. Pups were sensitized with intraperitoneal OVA/Alum
at Days 35 after birth. Airway3% OVA airwaychallenge was administered

three consecutive dagsound days 135 after birth. (B) Lung BAL eosinophilg
Polymorphonuclear cells, monocytes, and lymphocytes fivez@ to microscope
dides, stained with H&E, and enumerated via differential cell coupts.05,

**p<.01 via Wilcoxon rank sum tesh=19 (ECO)n=17 ( b Gl c Cer s)
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6. bGlcCersalter the lung microbiota in mothers and pups

DNA was isolated from BAL microbiota frofGlcCers-injected mother mice and
controls and from pups born bB&slcCersinjected and control mother mi¢Eigure 24A).
16S rRNA geneampliconsequencing was performed &umg microbiotato determine
differential abundance of microbial communitidhe lung microbiota was altered in
mothers injected withGlcCersat the phylum taxonomic levéfFigure25 A,B) and at the
genus level (Figur@5 C,D). Mothers injected witlbGlcCers had increasedbundance of
bacteriafrom the Verrucomicrobiota and Proteobacteria phiffegure 26). Mothers
injected withbGlcCers had decreased bacterial numbers from the Campilobacterota phyla
(Figure26). At the genus taxonomic level, mothers injected WwiBicCers had increased
bacterialabundancef the Proteobacteri&sclerichiaShigella(Figure 26). Though the
Firmicutes as ghylum were not affected bGlcCerinjection, several specific genera
within the Firmicutes were affecte(Figure 26). The Firmicutes,Peptonphilus and
Ezakiellawere the most affecteghd both decreased upb@lcCers injection(Figure X
and 15). The Firmicutes,Blautia, wereincreased upofGlcCers injection(Figure 25).
Though the Bacteroidota as a phylum were not affected®lgCers injection,the

Prevotellagenus was decreasedmothers injected with G| ¢ Frgure25). Within the

Verrucomicrobia phylumAkkermansiaver e i ncreased in mothers

(Figure25).
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Figure25.Mot her mi ce injected wi t biotabABdr g
mat er nal b G, tu@yenmicsobiotanvpseharvesies@quenced via 16!
rRNA gene ampliconsequencing,and analyzed. (A) Relative abundance w
determinedat the Phylum taxonomic levér n=5 ECO-treated mother mice an
n=8 b GlingeCGedrnother mice(B) PCA was performedn the Phylum
taxonomic leveland ellipses were applied at the 95% confidence IE@gRelative
abundance was determined at the Genus taxonomic level for ECRGécTers

injected mother micgD) PCA was performed on the Genus taxonomic level,

ellipses were applied at the 95% confidence level.
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Figure 26. Mother mice injected withGlcCers had altered lung microbiokdother
micewereinjected withb G| ¢ Grevghisle control (ECO). Microbiota was
separated from the BAL fluidia centrifugatiorand16S rRNA gene amplicon
sequencingvasconductedo generate read counts:5-8. Statistics were determineo

via Wilcoxon Rank Sum Test=p<0.05 Error bargepresent s.e.m.

7. Flux balance analysigoredicts lung microbes and metabolitesltered by bGlcCer
administration.

Given the previous findingthat bGlcCersalter the lung microbiotaye soughtto
determine hovbGlcCersaffect microbiaimetabolismA computational method called flux
balance analysis (FBAyas chosen for this taskBA functionsby measuring theate of
flow, or flux, of metabolites through metabolic networkvith the goal of optimizing a
final solution[241, 242] The flow of metabolites goes through various enzynaesl the
simplest flux that can be measured is for a single chemical rea¢henoptimal final
solution is the production of core biomasdich for bacteriaesults inincreasing size and
population growtH242]. For a single bacterial taxon, FBAathematicallyrepresents all
the metabolic reactions in that taxd241]. For a microbial community, FBA
mathematically represents all the metabolic reactions for each taxon in the entire
community[241]. Thus, FBAcalculatednetabolites consumenhetabolites produceand
the growth rates of each bacterium imgrobial community241]. FBA was performed
using a program called MICOI242]. MICOM takes as input microbial abundance from
16S or metagenomics sequencing, a community metabolic model, and a media file that

gives the expected input metabolif241]. From the 16S data, approximately 900 unique
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species were identified. | 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 Dieg{?43, 244] Figure & is a schematic representation of a metabolic
model for the bacteriurBacteroides thetaiotaomicraiat was created using Fluxer, an
opensource metabolic model visualization tof#45]. In Figure Z, all enzymatic
reactions, their substrates and products, and rates of reactidstfietaiotaomicrorare
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 (FiGyre 2
[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 (Figtkg. Note also that all of
the reactions have forward and reverse directions (Figuh). 2This 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 medieatabolites puced
by other bacteria. Since the metabolites produced by the bacteria are encoded in the
community model, it is possible with MICOM to perfoimsilico dropout experiments

where a bacterium can be removed to test the response of other bacteria.
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Figure 27. Metabolic model example. (AAll of the indexed reactions thal
take place irBacteroides thetaiotaomicraare represented he(®&) Core

biomass lies at the center of tigure. To simulate growth, FBA solves fg
core biomass(C) The perimeter of the figure shows the metabolites tha

arevirtually imported from the environment and exported to the

Having thebacterial abundanseand the community metabolic model, MICOM
now needs an input mediynwhich is a list of metabolitethat is expected to grow a
bacterial community Several media have been published iforsilico growth of gut
microbes [246-248]. However, no published media exidstfisat represents the lung
environmentso a custom media was formulated for these exyseris As a starting point,
| used an inbuilt function of MICOM, which provides the metaboktgsected to growhe
bacteriapresent from 16S sequencing res{®42]. | combinedcomputerderived media
with an empiricallyderived media that was developed to grow lung microbes in a wet lab
setting [246], creatinga curatedcustomlist of metabolitesand a custom community
metabolic modeheededo perform FBA upon the top 99%hostabundant bacteriiom
the lungsFigure28 represents the growtl bacterial genera under FBA constraints. Each

pointon theX-axis of thegraph representbe growth rate (Yaxis) of that genus.
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Figure 28. Lung community growtlsimulated by flux balance analysrowth is on the Yaxis and has a

maximum of 1. On th&-axis are the bacteria that were able to achieve virtual growth tiveférx balance

constraints given by the community metabolic mael input metaboliteg&ach point represents the lung

=516.

microbiota from a single animai:




Growth under FBAconstraints was achieved fd28 bacterial gener@digure25).
Growth for somegeneraapproached& maximum of 1 for sommdividual mice(Figure
25). Bacteriareaching the highest growth ratesder FBA constraints ardoser to the
right-hand sideof the graph(Figure25). The most rapidly growing bactertéosely match
the most abundant bacteria terms of read count obtained from 16S rRNA gene
sequencing. Toalidatethat the model wassing the metabolites provided in the media
file to represent growth, lemovedthe essential carbon source, glucose, from the media
file and repeated FBAFigure 26). Upon removal of glucosdhe number of bacteria
capable of growth reduced from 128 to(Frgure 26). In addition, the maximum growth
rate reduced froml/h to~0.2/houras seen on the-#xis (Figure26). This suggests that

MICOM employed FBA to represent growthfdhe provided bacteria
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growth simulated with glucos@o testthat the flux balance constraints were being applieeimoved glucose
from the input metabolitedlaximum achievable virtual growth decreased from 1 tofefver bacteria were

Figure 29. Lung community growth simulated by flux balance analysis witghudose does not match

capable of growtltcompared to communitiasrtually grownin the presence of glucose=5-16




In addition tobacterial growth, MICOM also givdsBA-basednformation on the
metabolites consumed and produced by each bacterial genera from each inputasubject
long as the metabolites are indexed in the community metabolic model andimpuhe
media[241]. Using the indexedmetabolites produced, TSNE analysis was performed to
visualize clusters obacteria associated wiindividual micebased on thenetabolites
produced during FBAFigure 30 shows thatdistinct clusters formed for two bacterial
genera: Peptonophilus a@ribaculum For both bacterial genera, mothergected with
ECOformedTSNEclusters distinct form mothers injected witlcCers(Figure30A, B,
and Q. Pups born to different groups did not fodistinct clustergFigure30A, B and C)

This suggests thabGlcCers altered the metabolic activity of Peptonophilus and
Varibaculumin the mothetung for the metaboliteassessed unddre FBA modelbut not
in their offspring after the offspringere allergen sensitized and challenged.

Since themetabolites producenh the FBA modelweredistinct betweercontrol
andbGlcCersinjected mother migel next sought to determine which metabolites were
most predictive ob G| ¢ Ce r s Allimegr eegréssiom machine learningpdel was
applied tometabolitesvirtually produced inby microbes in mother lungs after control or
bGlcCers injectiordue to the ability of linear regression models to classify variables that
exist on a continuous, rather than binary, scaleis model suggests that succinate
production is most predictive of bGlcCers injection, andtoluene and 4

hydroxybenzaldehydare most predictive d&CO injection(Figure31).
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Figure30. Clustering of bacteria based on virteéaported metabolite¢A) TSNE
analysis was applied to exported metaboli{¥.Cluster analysis was performed
on Peptoniphilusvith confidence ellipses drawn at 95% confidence level. (C)
Cluster analysis was performed garibaculumwith confidence ellipses drawn at
the 95% confidence leveConfidence ellipses were determined using R functior

stat_ellipse() in ggploth=5-16.

105



coefficient [standardized]

s &

90T

"1 Figure3l

o
=

o
=

o
=1

. Y

e e T T T

o "fl"i\‘"\m |°\°f”\”\”3:;\'\“'l“’|“’\"\'ml“’“’ gl :;:;”I:E\mff’\mg\“'l“ﬂzﬁ”\””|:|:El"’l'nl;;l:f'f"\"’\”\:g\:\”;|°I“’E\;;|:|zg|°|“’|;|§;|:fﬁl°mg|:£\"’”;ﬁgﬁmf’”\'ﬁ:{:l"l“ﬂzgl“ﬂﬁ:ﬁw‘”w‘”w:!;zg\;\‘:m\:\;I“’&E‘E’gﬁl‘ﬁ:ﬂ“l:I”\"\a”I:J:\‘;\_:Elmu"\”|°|"’|:\'”\:§g|:§t|;clw|:|”E\°§\
RN R R U T T R P e O L P W LR e R ESTReiRece Lok Ba BIC EX
ggfé: ugfa %‘é & TV e s g e ) ETg 5 3nFe b SgetsbEion BE°E BS S R A ) EEE Pgoge gﬁﬁﬂmg 55 5 8t S152.58,00 3355
i R & & ' B F “
N ° metabolite B :
Associated with | -Glucosylceramide injection Associated with vehicle control injection

Figure 31. Export metabolitgoredictions in mothers injected witiGlcCers or ECOThe Y-axis represents the
standardized coefficientvhich represents thenfidencestrength and direction of the relationship between the

predictor variables and the target variakle.the Xaxis a list of metabolites in BIGG annotation format in order o

most pr edi c tinjection (leffsidd) 6 maspeadicive of ECO injection (right side)-8.




8. Microbes isolated from mouse lungsespond tobGlcCers.

Since FBA yielded predictions abaiie microbes antheir metabolc response to
bGlcCers, Inext sought to isolatendtest the effects obGlcCers in a livingbacterial
culturesystem.To generatéung microbiota for these experimeniténjected adult female
mice withbGlcCers or ECQlaily beginning at gestational day a6d bred thenfFigure
24A). | isolatedBAL microbiota from hesemothermiceat 10 days postnatahdcultured
them under a variety of conditionfor my agar, | chose to use two differgges ofbase
media The first was Brucella blood agar, which | chose because of itsda@limented
use in culturingastidious microorganisnmsuch aghe predicted microbes Peptonophilus
and Varibaculuni249]. Though Brucella blood agar is useful tmituring 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 rnimlking
environment, Imade a custom medissing a protocol developday Ruhluel, et al[246].
This media which | will term PseudeHealthy Lung Experimental Growth Media
(PHLEGM), was developedto test proliferation and biofilm formation properties of
Pseudomonas aeruginosahealthy versus cystic fibrosis airwayscausd’seudomonas
aeruginosais a prevalent pathogen in cystic fibrosis patients, l@ofllm formation is
implicated in successfl®. aeruginosacolonization [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 literf2G603.
PHLEGM improvesupon previous lungnimicking media artificial sputummedia and

synthetic cystic fibrosis media, by including other metabofvesid in the lungsuch as
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extracellular DNA, amino acids, and muci@46]. | recreated this media amadodified it
further by including agaBy adding agar, Was able to streak all the lung microbes out on
an agar plateallowing me to isolate individual colonieSince some of the microbes
predictedoy FBA do not grow optimally under fully aerobic conditiohsultured the lung
microbial colonies unddyothaerobic (~20% @) and microaerobic 5% ) conditions.

After one week of growth at 37t either aerobic or microaerobic conditipids
distinctcoloniesformedandwere selected for further analysis and experimenta@oam
staining was performed tassist in bacterial identificatiof.o test whethethe bacteria
wereable to bind tdbGlcCer, lincubated the bacteria withitrobenzoxadiazolyl (NBD)
taggedbGlcCer. Bacteria thabind NBD-bGlcCer have a mgen fluorescengebut some
bacterial colonigsespecially Colonyl and ColoBydemonstrated higautofluorescence
Staining does notliscern the function obGlcCess inthe bacteria. To test the effects of
bGlcCers on bacterial function, | chose two functional assays: proliferation and biofilm
formation.Bacteria from each colony were used to inoculate liquid cultures of PHLEGM.
Bacterial growth wasssayed via OD650 readings 24hour time points fof72 hours.
After the proliferation assay, plates were stained with crystal viatet crystal violet
intensity was determineda ODG650.

Colonyl wasa Grani cocci(Figure32A). Though autofluorescence was high in
Colonyl, green fluorescencstaining was more punctatgpon NBDbGIcCer staining,
suggesing that bGlcCer binds toColonyl bacterigFigure 32B). Colonyl proliferated
rapidly in PHLEGMand entered the death phase by 72 hauggesting that the colony
rapidly depleted its carbon source from the meatigoroduced toxic byproducthat

inhibited its growth(Figure 32C). There was no significant effect ofslcCers upon
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proliferation of Colonyl (Figure32 C,D). b GI ¢ Ce r s biofimhformatian efd

Colonyleven under the lowest concentratighgyure32E).

Figures 32-38. Effects ofbGlcCers orbacterial colonies-¥. (A) Colonies
were selected, Gram staingcrystal violet and safraninand imaged under
600X bright field magnification (B) Colonies were selected and stained
with NBD-GlcCer and DAPI and imaged und#0X fluorescence
microscopy. (CBacterial ninbers were normalized and grown in
PHELGM agar for 72 hour&acteria were treated wifiGlcCers in terfold
dilutionsfrom 0.024824.&g/mL. OD600 was readt 24 hour time points
and plotted(D) The 72hour time point waseplottedto showthe OD600
dose responselative tobGlcCers concentration. (E)pon conclusion of
the proliferation assay, biofilm formation was assessed ipl#tes All

error bars are expressed as s.e.m. of technical triplicet8sSt ud e n't

test *=p<0.05, **=p<0.01**=p<0.001, ***=p<0.0001.
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Figure32
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Figure33
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Figure35
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Figure37
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Colony2was a Gren* strepta@ocais (Figure 33A). Autofluorescence was low in
Colony2 and Colony2 wasstainedwith NBD-b G| c¢ Eigure 33B). Bacteria from
Colony2grew in PHLEGM but proliferation and biofilm formation were unaffected by
b Gl ¢ (Fgures33 C,D,E). Colony3was a Gramrod (Figure 34A). Colony3 had high
autofluorescencé@rigure 34B). NBD-bGlcCerassociated witlColony3 bacteria but was
not punctatsuggesting that NBbGlcCermay bind to secretadaterial from the bacterial
colony and is not internalized into the bacterial c@tigure34B). Colony3 bacteria grew
in PHLEGM media, andproliferation was higher when treated with the lowest
(0.024& tmL) bGlcCers concentration but not at the higher concentra(Bigsire 34
C,D). Colony3 hofilm formationshoweda dosedependent response and was significantly
higher at the highegt 2 4 . 8 ¢bGItQmrk goncentratiofFigure 34E). Colony4 was a
Gramt coccus (Figure 35A). Colony4 did not demonstrate autofluorescence and
demonstrated punctate staining witlBBD-b G| c tiggesting that NBfb G| c Cer was
internalizedoy theColony4bacteria(Figure35B). Colony4proliferated rapidlyreachng
maximum growth by 48lndnot enteringa death phas@-igure35C).b Gl c Cer s di d nc
have an effedColony4on proliferation rate or biofilm formatioi€olony5 appears to be a
mixed Gram/Gram colony (Figure36A). Colony5did not demonstrate autofluorescence
andstained positively with NBEbGIcCer (Figure36B). Colony5 grew in PHLEGM, but
did notproliferate as rapidly as the other colonies (Fi@8€). bGlcCers did not have an
effect onColony5proliferation rate or biofilm formatio(Figure36 D,E). Colony6 was a
Grant streptococcus (Figurd7A). Colony6 did not demonstrate autofluorescerared
stained strongly and specifically withBD-bGlcCer (Figure34B). Colony6 grew slowly

in PHLEGM, and b Gl ¢ Cer proliferatidn onbiofilre formatient(Figor@7

117



C,D,E). Colony7was a Gram coccus (Figure38A). Colony7 demonstrated some
autofluorescenclut stained positively with NBid G| c(Eigure38B). Colony7 grew in
PHLEGM, butbGlcCers had no effect on proliferati@iRigure38 C,D). Colony7formed
biofilm even undeftow bGlcCers concentration (FiguB8E). Colony7 biofilm formation
was highest at the physiologic@lGlcCers concentratiorf2.4&g/mL) and was not
inhibited at the24.&g/mL concentrationKigure38E).

SincebGlcCers increased biofilm formation in Colony7%elected this colony to
perform RNAseq to determine what bacterial genes artvated or deactivated by
bGlcCers. Upon RNAseq analysis,Colony7 was identified asStaphylococcus
saprophyticus by randomly selecting three reads and performing basic local alignment
search tool through NCBISeveral genes were upregulated and downregulated upon
bGlcCers treatment o8. saprophyticus(Figure 39). These data suggest that the lung
microbiotarespond tdGlcCersat the molecular levelThe development of thig vitro
met hod to screen | wimdng and furctom reake thiscarpowkrf@ll ¢ Ce r
tool for future studies. The technique cansbaled to screen large numbers of colanies
The technique is modular sinogetabolites can be dropped in and out of the PHLEGM
media to determine their effects on individumcterial colonies or whole microbial
communities. For example, thithe PHLEGM media, the lung microbiota can be grown
ex vivoto test the effects of the whole lung microbial community on sphingolipid

metabolism.
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Figure 39. Differentially expressed genes frddtaphylococcus saprophyticgsown
under DMSO ®ataabe@kpresSedrda.o of p-value againsiogzFold
Changeof gene expressiorAnalysis was performed with BactSeq. DEGs we

determined wittDEseq2 The volcano plot was created using R ggplot3.
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Figure 40

Figure 40. Model of lung microbiota function in allergen hyperresponsiveness
response tbGlcCers. 1. Proteobacteria are increased and Bacteroidota are deq
in pups born to allergic mothers. Bhe lung microbiota from pups born to allerg
mothers was sufficient for allergen hyperresponsiveness in neonates.vi&o,

bGlcCers treatment resulted in increased biofilm formationireréasedxpression

of several genas Staphylococcus saprophyticisslated from allergic mother lungs

C. Discussion

The data reported hersuggest thapups born to allergic mothefsave lung
microbial dysbiosisvith increased Proteobacteria and decreased BacteroMutabial
dysbiosis was present both before and after allergen sensitization and chadllemge.

microbial dysbiosisin mice was blocked bymaternal dietary supplementation with
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