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ABSTRACT
Food allergy is a common immuneediated disease of early lifeathas increased

in incidence over the past three decades. The immaturity ofetbrgataimmune system
makes them prone to the development of allergy. Dietary components are essential for their
immune responses to develop normal oral tolerance. A divakisgientific opiniors

about breast milk's abilitjo protect against the development of food allergies might be
related to dramatic variatisnin milk-associated immune mediato(BVis) between
mothers. Pattern recognition receptors (PRRs) are omtfeeahultiple components that
regulatelM production. Tollike receptor TLR2), a PRR that is highly expressed in the
mammary gland and immune cells, mediates secretion of both pro afiwflamimatory

IMs, some of which are found in breast milk. The rolemafternal TLR2 in regulating
breast milk components andfant immune system development is still unknown. We
evaluated the impact of maternal TLR2 deficiency in susceptilbdigflergic diseases in
infants using a cros®stering model in mice. Milk fnm TLR2 deficient dams had altered
IMscont ent compar ed. Itfaied toVihduct aptimabastmintéstinal
integrity and expansion oforal toleranceessentiaimmune cells, including tolerogenic
dendritic cells DCg) and regulatory T cells Tregs) in pups, thus increasingtheir
susceptibility food sensitization. In humans, a soluble form of TLR2 (sTLR2) was
detectable in breast milk, in variable amounts, generally higher than those observed in
cowds mil k and baby formul as. sTLR2 was
STLR2 concentrations @ve lower in homozygous mothers wipecificsingle nucleotide
polymorphisms (SNPs) in thHELR2geneandhigher in food allergic mothers. We found

that a high level of sTLR2 in milk was associated witlincreased incidence of allergies

in infants if thgg were breastfed exclusively for six montlegardless of the maternal
allergic statusCollectively, our findings and experimental models demonsirgteficant
associations betweematernalTLR2 and food allergy developmemt infantsand the

importanceof considering both maternal genetic factors and feeding practices.
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The immune system is a complex network of cells and molecules disseminated
across the body to protect the host from external or internal dangeiséinduish them
from innocuous challenges. Immune tolerance enables humans to ingest food antigens,
intera¢ with environmental factors, maintain organ homeostasis, and host a wide range of
microbial microorganisms without any immune complications. In contrast, skewing of the
immune response away from tolerance can lead to adverse reactions, such as allergic an
autoimmune diseases. Educating the immune system to distinguish between harmless and
harmful patterns is an essential step in immune tolerance that starts earlynfelifes. are
born with an immature immune system. Under the influence of genetidtioma,
environmental, and microbial factors, the immune response can skew towards allergy
development or tolerance. One of the primary factors that impact tolerance development in
early life is breast milk, which is the first nutritional option for mipgants afterbirth.
Understanding the impact of milk components on tolerance vs allergy development can
expand our knowledge about the mechanisms of allergic diseases and inform the

development of potential allergy therapies and prevention practices.

1.1.  History of food allergy and oral tolerance

Historically, before awareness of allergy emerged into the scientific feddyup
of scientists, includind.ouis Pasteur, Paul Hicth, Elie Metchnikoff, Jules Bordeind
Emil A. Von Behring described a systemahis responsible for protecting the host against
harmful molecules. Considering only the positive impact of this system for defence

against infection, it was not imagined that it could have adverse effects.

With significant changes in hygiene and lifestyle during th& d@ntury, most

notably in Europe and North America, hay fever was one of the earliest allergic reactions
2



described in modern history by John Bostock in 1819 @A St arting in June
sensation of heat, itchiness, and mucous discharges from the eyes, followed by swelling

t he head, sneezing, and difficulty of br ec
experienced himself and stated in his pa@p&imilar reports increased in frequency from
Germany, UK, and th&SA beforeBlackley from the UK and Wyman from the USA
investigated hay fever in response to exposure to grass pollen and ragweed pollen,
respectively, in the 1870%8. With such increased knowledge about adverse reactions
mediated by the immune system, it became evident that a new branch of medicine was
evol ving, and in 1906 the terVon Rirguetdgy A Al
distinguish the difference between immuyniuseful) and hypersensitivity (harmful)

During this period, it became clear that allergic responses require more than one exposure

to the allergen to trigger an adverse reactioffter the 1960spediatric asthma reports
increasedn developed countries where #ached an epidemic scale in the 19992

Another wave of allergic reactions then started to be reported, including food allergies,

most notably peanut allerd?.

According to a 2012 survey by Preticet al 1! some developed countries, like
Australia, have around 10% of children under five years of age diagnosed with food allergy
using oral food challenge. Althgh the rates differ between countries dramatically,
possibly based on thdiagnosis methaqdit is undeniable that the health and economic
burdens of food allergies globally are much higher now than in previous détdiasng
the last two centuriesndustry, agriculture, hygiene, and social lifestyle charges
believed to benajordrivers for the spike in allergic disease cases global increase
in air polluion, use of pesticides, chlorination of water, invention of antibiotics, increased

3



vaccination ratesand the adoption of an indoor lifestyle may also have, directly or

indirectly, changed the behaviour of our immune system towards the environment.

Typically, our bodies interact with multiple dietary and environmental factors,
some of which are useful and harmful. The immune system needs to discriminate between
suchelemens, to tolerate or respond to those agents accordigiis had describedhe
concept of oral tolerance in 1931 when he showed that feeding guinea pigs with egg
white reduced their responsiveness to sensitizatien gfstemic challenge. By definition,
oral tolerance is the state of immune fiesponsiveness to innocuous antigens derived
from diet, environment, or microbiota that reside in the gastrointestinal tract (GIT). Failure
to develop proper oral tolerance lgan life can lead to several diseases, such as food
allergy, inflammatory bowel disease (IBD), and celiac disédsé&nderstanding the
mechanisms underlying the development of allergy or tolerance is criticd¥etoping

prevention practices and treatrhen

1.1.1.  Mechanismsof food allergy

By definition, food allergy is a type | hypersensitivity immemediated disease
characterized by an adverse reaction toward harmless dotigens®. The potental
allergic responsestarts when the allergen is takgmby antigerpresenting cells (APCs) in
the GIT, processed, and presshton their surface via theajor histocompatibility
complextype Il (MHC-II) to CD4" T-cells. In susceptible individuals, in the presence of
IL-4, naive CD24 T-cells differentiate towards a T helper 2 (Th2) phenotype, which
secretes more K4 as well asll-13. Together with other signals, such cytokifasilitate
the class switching of B cells tdevelop into plasma cellgrodudng IgE antibodies

circulatingin several body fluids, such as thiaesma cerebrospinal fluid, saliva, and even
4



breast milk'>18 Circulating antigerspecific IgE can bind via their Fc portion to special
receptors called FcURI on the surfade of mi
Upon a seond or subsequent antigen exposure, the allergen-lankssbound IgE on

sensitized mast cells and basophils, leading to their activation and degraniegioe

1-1). The majority of acute allergic response symptoms are attributed to the release of
immune mediatorgIMs) from mast cells and basophiland these canhave fatal

conseqguences, as in anaphylaxis.
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Figure 1-1: Mechanisms of food sensitization and allergy

Several intestinal factors induce the development of food allergy, including intestinal

inflammation, permeability, and dysbiosis. After the first exposure to an antigetoleorgenic
DCs uptake allergerfrom the lumen and delivggrocessed allergen peptidesTh2 skewed T
cells under the influence of . Th2 cells further secrete -l and IL-13 that induces class
switching of B cells to IgE. Circulating Ig&ntibodiesare captted by the higkaffinity receptor
FcURI, on mast cel | s oraubskquerexsosupehtlielarstigen dogisksn
membranebound IgEs, leading to activation, degranulation, and the release-wiflaramatory
mediators from mast cells anddwophils.
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1.1.1.1. Anaphylaxis

A severe form of the acute, systemic allergic reaction is called anaphylaxis. It is
life-threatening if not treated immediately and has been well studied @/kstithree
decadesd®. Food allergy is one of the most common causes of anaphylaxis, accdanting
30%50% of the surgyed cases in developed countfi#&. Up to 80% of reported cases
are in childrer?®. Anaphylaxis can affect any organ in the boegding topulmonary,
gastrointestinal, neurological, cutaneous and circulatory symptém$he hallmark
symptomsof anaphylaxis include swelling, bronchospasm, hypotension, syncope, nausea,
vomiting, cramping, urticaria, and ra¢h A sudden and massive release of inflammatory
mediators, including histaminergstaglandin R (PGDy), tryptase, carboxypeptidase A,
plateletactivating factors (PAF), and tumour necrosis factor (TNF), from mast cells and
basophils, arethought to bemainly responsible for the anaphylactic symptofis
Histamine stimulates vasodilation, capillary permeability, oedema, glandular secretion,
tachycardiaand contractility?®>. PGD», PAF, and leukotrienesuch as LTG, induce
bronchoconstriction, which, along with edema, exacerbates pulmonary symptding
can activate granulocytes, such as neutrophils, stimulate chemokine synthesis and lead to
other immune cell recruitmentherebyworsening the inflammatory respon$é The
synergistic effects of released mediators contribute tooteeall pathophysiology and
symptoms banaphylaxis.

Two primary mechanisms for anaphylaxis have been reported in aitber via
IgE and the release of histamine and PAF from mast cells or via IgG birRds m R | | | and
the release of PAPbut not histamine, as the primary mediat6t*°. In humans,

anaphylactoidreactions independent of IgE have been reported, including complement



anaphylatoxin activationimmunecomplex generation, cytotoxicity, andcEll activation
31 Understanding the mechanisms of food allergyaaraphylaxis provides essential tools
for prevention of this lifehreatening reaction, and potential prophylactic or emergency
treatment.
1.1.2.  Mechanisms of oral tolerance
Oral tolerance is the active suppression of the immune response towards innocuous
food ard microbial antigens that pass through the digestive system. Failure to maintain
balancebetween reaction or nemesponsivenessan lead to several immurdiseases
including food allergy>3 Two general mechanisrfar the development of oral tolerance
have been suggested. Feeding multiple low dosas affitigen induesthe generation of
antigenspecific immune suppressor cells representet tggulatory cells (Tregsi In
contrastthe ingestion of high doses of an antigen, even autoantigens, can lead to clonal
deletion oraner gy of reactive T cel® Bothiofnthesehe Pe
mechanisms lead to suppressiorsygtemidmmune responses to the fed antigen.
Immunetoleranceo orally ingested antigernis characterized byedueddelayed
type hypersensitivity, -Tell proliferation, cytokine production and serum
immunoglobulinlevels,including IgE 3. The establishmentfsuch tolerance is achieved
by interaction among immune cells with regulatory function, suckregs, tolerogenic
dendritic cells (DCs), epithelial cells and the microbiota discussed in more detail below
(Figure 1-2) 3. Several sites along the GIT are vital for the induction of oral tolerance,
including the intestinal epithelium, PP, lamina propria (BRRJimesenteric lymph nodes

(MLN). The spleen,liver and othersites dso contribute to this proces3he proper



interaction between immune cells, microbiota, and ingesteddotigensn these siteare

vital for homeostasis of the GIT.

1.1.2.1. Induction of regulatory T cells

Several types of immune cells are reported to suppaltaerance development;
however, Tregdeserve to be on top of the list. Dysfunction in Tregs can lead to several
autoimmune and allergic diseases, as observed in patients mtbniodysregulation
polyendocrinopathy enteropathy-lxked syndrome(IPEX) 3. Multiple groups have
provided evidence dfregsimportancen inhibiting Th2 responses and the adverse effects
of Treg depletion in allergic diseas&&*'. Therefore, understanding the factors that
entance Treg expansionn healthy individuals might heln developingprophylactic
treatments for allergic diseases. With the ingestion of low doses of antigens, digested
peptides can be displayed by tolerogenic CDIDGs in the LP and PPs and then migrate
to the MLN via the lymphatic®. Migratory CD103 DCs inducenave T cells' skewing
into Tregs in the MLN using multiple mechanisms (discussed in cha@e). Primed
antigenspecific Tregs can migrate to PP andtbfhhibit effector T cells from expansion

and induce secretion of IgA from B cells, thus, enhancing tolel@&igere 1-2) 4344
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Figure 1-2: Mechanisms of oral tolerance
Different types of cells casample fod and bacterial antigens in the intestinal lumen. Resident
DCs, such as CX3CRZositive populationsgapture antigens via their dendrites that reach the
intestinal lumen and can be delivered to migratory CDI3s. Free antigens can be transported
by M cells in the PPs and by transepithelial dendrites of APCs, such as CXB8@RMbphages
and CD103 DCs, which reside in PPs and LP. Free antigens that reach the blood and lymphatic
circulation can be captured bp@s in the liver and MLN; tesepDCs can induce clonal anergy
of effector T cells andregs' expansiarCD103 DCs migrate to MLN where they prime naive T
cells to differentiate into antigespecific Tregs. These Tregs acquire homing molecUldsp 7 a n d
CCR9, that allows them to migrate back to PPs and LP and exert their effect in enhancing oral
tolerance via reducing inflammation and allergic responses. Tregs patleegy developmerty
inhibiting IL-4 production from Th2 cells and induce IgA class sitg by B cells. IgAantigen
complexes prevent microbial translocation into the intestine.
M (: Macrophage<sDCs: Dendritic cells.

Created wittBioRender.com
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1.1.2.2. Clonal deletion of reactive T cells

Clonal anergy is an alternative mechanism for peripheletance to food antigens.
This mechanism of tolerance has been proposed based on work using animal@heaels.
et al.*® have shown that feeding ovalbumin (OVA) to O¥pecific T-cell receptor (TCR)
transgenic mice dramatically decreased the frequency and the total number of-antigen
reactive T cells in the PP. Both antiggpecific Th1l and Th2ellswere subject to deletion
by apoptosis after activation, whiteansforming growth factofTGFb)-secreing cells
were resistant®. Furthermore, feeding mice with a high dose of myelin basic protein
resulted in a substantial decreasél -2- and IFNo-secreting lymphocytes in the spleen
and lymph node cell cultures due to clonal deletion and a reduction irevkéatg of
experimental autoimmune encephalomyefitis
1.2. Innate and adaptive immune system and oral tolerance

Before a foreign antigen acquires a fAto
must pass thrah a complicated detection network that can distinguish between harmful
and harmless antigens. The first linedeferce againstpathogen and toxinis the innate
immune system, which is composed of barriers to pathogena\aitt array of cellular
recepbrs and moleculesssentiato reduce the impact dfarmful antigens until the more
robust longlasting adaptive immune response develops. Although the innate immune
system is sufficient to protect the GIT in most instances, the development of memory by
the adaptive immune system enables the rapid elimination of pathogens in case of a second

exposure®.
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1.2.1.  Pattern recognition receptors
Critical for the function of the innate immusgstem, patterrecognition receptors (PRRS)
are strongly expressed in the GIT and involved in recognition of micratseciated
molecular patterns (MAMPSs) and dangesociated molecular patterns (DAMPS). The
term MAMPs is favouredsoveratbd modeculipnrat
because of the shared PRRs between the commensal bacteria and pathogens. MAMPs are
usually ligands that are derived from viruses, bacteria, and fungi. They can be recognized
by several categories of PRRs including, Tiék receptors (TLRsS)retinoic acid
inducible gene 1 (RI&)-like receptors NOD-like receptors (NLRs), and-pe lectin
receptors (CLRsY.
1.2.1.1. Toll-like receptors

The TLR family is comprised of 10 receptors (TLRILR10) in humans and 12
receptors (TLRATLRY9 and TLR11TLR13) in mice*® TLRs differ in their cellular
expression, ligand specificity, signalling adaptors, and induced cellular respbideR
expressiorvariesbetween tissueshey have been sometimes classified into extracellular
TLRs (TLR1, 2, 4, 5, 6, and 1,1and intracellular TLRs (TLR3, 7, 8, and“8) However,
many withiacetlhal dirext rgroup ar e found e Xt
compartment. TLRs recogniaavide variety of ligands, including nucleic acigsoteins,
lipids, lipopolysaccharides (LPSpeptidoglycans (PG), and lipoproteif's All of the
TLRs ae type | transmembrane proteins rich with leugich repeats (LRRS) in the
ectodomains involved in proteprotein interaction with the ligant. Ectodomains of
TLRs are connected to a singlkhelix transmembrane domain followed by a conserved

cytoplasmic Toll/I-1 receptor (TIR) domaii? TIR domains dimerize togetherittv
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several adaptor proteins, includingyD88, TIRAP, TRIF and TRAM, and induce
activation of the N B, MAPK, an d>% RRs ap@tpiessad ynghe GIT
on epithelialand mmune cells and play a critical role in the homeostasis of the intestine
55 In the context of oral tolerance, TLR2 is one of the most studied of this receptor family
due to GIT expression, pantilarly on epithelial cells and ability to recognize a wide array
of microbial and endogenous ligands, some of wbattribute taolerance establishment.
1.2.1.1.1.  Toll-like receptor 2

TLR2 forms dimers with TLR1, TLR6, and probably TLR10 as well as
homodimers, d recognize lipoteichoic acid, PG, lipopeptides, zymosan, and many more
ligands(Figure 1-3) 67 The synthetic lipopeptides, Pa@SK4 and PasCSK4, have
shown that TLR2/TLR1 dimer binds triacylated lipoprotéih&k2/TLR6 binds diacylated
lipoprotans °%°% Upon ligand binding, TLR2 dimerizationauses the TIRJomain
containingadaptomoleculego get closer together and trigger intracellular signafif®§
While the secretion of prmmflammatory cytokines upon hiing a TLR2 signalling
complex to bacteria has been well characterized,stwetion of artinflammatory
cytokines has only been recognized recetit8?. The efficient recognition of microbial
products by TLR2 usually requires the presence efceptors, including CD1# and
CD36 %5, which mainly contribute t@ro-inflammatory cytokine secretion but are not
thought to be necessary for-110 induction®®.

One of theessentiafeatures of TLR2 is that it can be found in a soluble form that
consists of most of the extracellular domégiigure 1-3) ¢, known as soluble TLR2
(STLR2). In humans, naturally occurring STLR2 is detected in plasma, breast®milk

cerebrospinal fluid® amniotic fluid’®, and salivel. According toLeBouderet al ¢ and
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Henrick et al %, the pmmary sources of soluble TLR2 (STLR2) in breast malie
monocytes and mammary epithelial cells. Primarily, STLR2 acts as a biological decoy
receptorregulatingmembrane TLR2 activity by binding MAMPs and DAMPs without
conducting downstream signallifi§y According to Langjahet al.”#, generation of STLR2
does not involve mRNA alternative splicing biasteadinvolves a postranslational
modification of the membrane receptor. The release of sTLR2 is augmented upon
activation with preinflammatory cytokines and mediated tetalloproteinase’™. In a
small cohort study, asthmatic patients have exhibited lower levels of STLR2 inethair s
and sputunt® than controls. Another study of 80 children found that children with food
allergy had significantly lowegeneexpression ofLR2andCD14 on whole blood cells
compared to healthy childréh

TLR2 has previously been implicated in the regulation of oral tolerance. Awareness
of the importance of TLR2 in this process arose from reports of an association between
SNPs in théTLR2gene with several imnmurmediated diseases, including asthfi&’,
atopic dermatiti€®® type 1 diabete&, IBD 884 and reactive arthriti€. In a cohort
study of 1830 participast 16 polymorphisms in 13 genes, 2 in the TLR2 gene (rs4696480
and rs1816702), wemassociaté with increased riskf IBD. According to Loanat al. ¢,
homozygous individuals witiLR22258G>Aand1892C>A SNBR reduce the capacity to
producespecific cytokines, such as B, from peripheral blood mononuclear ceils
response to TLR2 ligands and microorganisReportsof the association between TLR2
SNPs and certain allergic and intestinal diseasgght inform a potential role in

establishingoral tolerance.
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Intestinal permeability’®8and the GIT nervous systethare also regulated with
the involvement of TLR2. Stimulation of TLR2 effectively preserves the tight junction
associated barriesssemblypromotingintestinal epithelial cell survival. Mice deficient in
TLR2 or MyD88, an adaptor protein associated with most of the TLRs, exhibited
acceleration in tight junctieassociated disruption in response to inflammatory stfess

Expression and stimulation of TLR2 have been linked directly to the function of
Tregs. TLR2'"/ "and MyD88' 'mice have an impairedTreg level in the spleen and
circulation®. However, activation via TLR2 has shown controversial results in terms of
modifying the suppressive function of Tregs. Sutluéral. °© demonstrated that €o
stimulation of TLR2 with BmeCys and TCR with arHCD3 induced proliferation of Tregs
but caused a transient decrease in their suppressive functions. In contrast, stimulation of
human Tregs witlendogenous heahock protein 60, &LR2 agonist, augmented their
suppressive capacity. These results indicate that the role of TLR2 Withgs suppressive
function can be ligandependent, may involve additional receptors and is more
complicated than anticipated. Tumisal.®2 found that stimulation of TLRBy PamsCSK4
during a period of OVA ingestion in mice was associated with increased food sensitization
marked by increased OVgpecific IgE in serum. There is accumulating evidence
concerninghe role of TLR2 and sTLR2 in oral tolerance development, wéncdourages

further investigation into the underlying mechanisms involved in this process.
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Figure 1-3: TLR2 dimerization and signalling pathway

TLR2 is an extracellular receptor that is also found in the celktalosomes. Upon ligand

recognition, TLR2 can form dimers with TLR1 or TLR6, and probably with self (TLR2/2) and

TLR10, leading to the recruitment of adaptor proteins TIR, TIRAF and MyD88, and induce the

secretion of proor antrinflammatory cytokines thtgh NFe B and MAPK.

the receptor cashedfrom the cell surface under the impact of metalloproteinases (MMP). The

The

ecto

release of STLR2 can serve to regulate the TLR2 signalling as it can bind the ligands and reduce

theinnateimmuneactivatian that occurs at a cellular receptor level
Adapted fronr!

Created witBioRender.com
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1.2.2.  Dendritic cells (DCs)

DCs are potent APCs that act as a bridge between innate and adaptive immune
responses. Thdocalization of DCs near the epithelial layers in proximity to the
environment, enabéthem to act as essential sentinels of the immune sySteBCs are
equipped with abundant PRRs, such as TLRs, mannose receptorsldaciihothers, to
sense environantal challenges and signal accordiniflyThe behaviour of DCs changes
based on the signals transduced via PRRs haepend upon the dose and type of ligands,
the involvement of multiple potential PRRs, duration of the sfinamdDCs surrounding
microenvironment®. For example, activation of TLR4 on DCs in the presence -df0lL
andTGFb leads to more tolerogenic DG&uch activation ithepresencef inflammatory
cytokinesleads to DC promotion of a Thl respofd&dn contrast, stimulationf DCsin
the presence diistamineandthymic stromal lymphopetin (TSLP)leads to Th2 response,
while in the presence of H6 andTGFb, leads to Th17 respongg®’.

DCsare dividednto myeloidconventionaDCs (mDC#DCg, which are derived
from myeloid precursorgnd plasmacytoid DCs (pDCsyhich originate from lymphoid
precursors®”® In mice, cDCs are divided into cDC1 marked by COYID11b
CD8'MHC-II* and c¢DC2 marked by CD11€D115CD8MHC-II*, whereas
CD11¢"MHC-II'° CD45RLy6c'CD11b marks pDCS®. Human cDCs are defined with
CD11¢HLA-DR" and linked to mouse cDC1 and cDC2 via expression of CDHht
CD1c¢, respectivelywhereas CD11% HLA-DR* CD45R'CD304'CD303 marks human
pDCs.

Establishment of peripheral tolerance in the intestine highly depends on tolerogenic

CD103 cDCs(in bothhuman and micethat can migrate to the secondary lymph nodes,
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such as MLN, to prime naive T cel§. Treg induction mechanismsly onretinoic acid

(RA) productionfrom vitamin A, and TGFb, IL-10, and indoleamine 2@oxygenase
(IDO) secretion %1192 Fyrthermore, RA produced by CDIOB®BCs stimulates the
expression o) 4 b 7 ( haming aeptor integrin) and CCR9 on Tr¢ggure 1-2)

1021105 Tolerogenic pDCs also play a role in skewing naive T cells into a regulatory
phenotype vidDO expression in mice and humans (104,105) and ICOSL in hutffans
Circulating antigens can be captured by pDCs, in the liver and the MLN, which mediate
anergy/deletion ofllergenspecific T cells (Figure 1-2) 1°7. Therefore, the better we
understand the cues that transform DCs into tolerogenic viotengeniaoles the more

we can resolve the mysteriegardingthe development of allergtiseases.

1.2.3. Regulatory T cells

Tregs are a subset of T cefipecialising in antigespecific suppression of the
immune response and help maintain tolerance againsargedens and innocuous or
commensatlerived antigeno protect against autoimmunity challergic diseases. Tregs
are commonly classified into naturally occurring Tregs (nTregs) and inducible Tregs
(iTregs). Marked by CDACD23"FOXP3HeliossCD304 in mice and
CD4'CD25"FOXP3Helios’CD127 ° “in'humars, nTregs are derived from thieymus
andarereactive to sefantigen; therefore, they are mainly involved in protection against
autoimmunity!°@12 |n contrast, naive T cells that acquire the suppressive phenotype after
interaction with antigen carrying DCs in the peripheprallediTregs. With the transition
from naive state into iTregs, expression of FOXP3 increases, but they remain Helios

CD304 in mice and Heliosin humars 1°%119112 Based on secreted cytokines, iTregs can
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be subdivided into Trl that produces an excess amountbd t* and Th3 that secrete
TGF—b114’.115

Expression of FOXP3 is essential for Tregs to exert their suppressive activity as
noted in patientwith IPEX, which causes severe autoimmune diseases in hiinfdso,
oscur fyo mice folpagere ana dedelop & lynpphoerdliferative disorder,
dying within a month after birth'®. The affinity between specific TCR on potential Tregs
and antigerMHC-II complexes and the expression of cytotoxiymphocyte antigen 4
(CTLA-4) are other factors to consider which regulate the function and activation of Tregs
117 119.

Mechanisms of Tregnediated suppression depend on secreted cytokines and
proximal interactions. They can be divided into those thatmdt cells or APCs??°, |L-
10 is primarily an artinflammatory cytokine thatan inhibit Th1l responses via MHC
downregulation expressed on macrophages, thus, limiting their aiptigeenting function
121 TGFb is also an antinflammatory cytokine secreted by Tregs in a latent form and
gets activated into the potent form after interaction with enzymb#iting naive T cells
from differentiation into Thl andh2 subtypess one mechanisnby which TGFb
suppresss Th1/Th2 response¥?123 Using high concentrations of aiftGFb has been
shown to reverse the suppressive activity of resting and activated' Cx2Hs 24,

Active Tregs express galectinon the surface that can interact with effector T
cellsd r ecept or scycle arest?. Expressiom of CELIMIon Tregs inhibits the
expression of costimulatory CD80/CD86 on APCs and subsequently retluees

interaction with effector T celf$®. In contrast, CD304(Neuropilin-1) on Tregs promotes
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prolonged interaction between Tregsd immature DCs and decreases the chances of
contact with effector T cell$®.

Understanding the mechanisms of suppressive functions of Tregs witldwadfop
interventions to manipulate their activity, which could help enhance and foster
tolerance development in the context of allergic disease and autoimmunity.

1.2.4. B cellsand humoral immunity

B cellsare APCs that play a central role in humoral immunitydbyeloping to
plasma cells thagecret¢ antibodiescritical for multiple types of hypersensitivitysubsets
of B cells also have immunoregulatory roleamature B cells are produced in the bone
marrow and pass through severalturation levelsvith changes in the genorméantibody
loci. When B cells get activated by an antigmtheir B cell receptor (BCR)hey undergo
clonal expansion, and some of them differentiate into plasma cells that ardivaubrt
antibodyproducing cells. Some will form lorAlived memory B cells that respond quickly
upon second antigen exposure.

Thefirst antibodies producely naive mature B cedlare IgM and IgD, bound to
the membrane and called migM and migD, respectivaBCR. Upon recogmsing an
antigenand receptor crodgking, theB cell gets activated, releasmalgM and migD, and
beginsclass switching to generate differemitibody subtypesncluding 1gG, IgA, or IgE.
IgG can be divided into 1gG1, IgG2a, 1gG2b, and IgG3 in mice. In heng6 can be
divided into IgG1, IgG2, IgG3, and IgG4 subclas$ésThe particular lasses of secreted
antibodies produced are determinedsy nature oB cell activation signavia CD40 and
multiple cytokine receptors. For example, class switching to IgE is augmented by Th2

cytokines, such as H4. In contrast, IL10 induces class switching to produg&s.
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The most abundant antibody in the GIT is IgA, which plays an essential role in
developingoral tolerance, microbial colonization and mucosal immursge chapter
1.4.1). IgA can be found in the seruas monomer or dimer and can be secreteathier
body fluids, including breast milk, saliva, tears, and intestinal mucus. It provides local
protection by preventing the passage of foreign antigens into the hdsbuinvfixing
complementTGFb , secreted by tolerogenic DCs, Tr
primary cytokine driving class switch of B cells to produce IgA. TLRs, such as TLR2 and
TLR4, can promotégA secretiorwhen activated by specific ligands, sucivBgoplasma
hyopneumonia&® Although IgA responses have been reported to be associateatalith
tolerance developmerttigh IgA levelsare reported in animal models of oral tolergrice
sensitized animals, which couldsult fromthe adjuvants used in sensitization.

Allergic disease, which is correlated with a Th2 immune response, involves class
switching of B cells to produce IgE, primarily under the influence ed.IThe factors that
drive increased IgE responses can be complex involving local, genetic, and environmental
factors. Atopic individuals usually have significantly higher than normaldefeotal IgE,
although they might be asymptomatic. In contrast, low or normal levels of total IgE cannot
exclude the presence of lgiediated allergies. Therefore, the level of total or specific IgE
is not a definitive diagnosis of food allerds?. instead,it is necessary to have antigen
specific IgE levels ad a doubleblind placebecontrolled oral challenge for more precise
diagnosis*°. However, having an elevation in fosgecific IgE without apparent
symptoms idermed food sensitization and only considered a risk factoddweloping

clinical food allergy!3Z.
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The role of IgGs in food allergies has been well studied, along with IgE to
understand the mechanisms of food sensitization and clinical symptoms. Healthy
individuals often exhibit high levels of fdespecific IgGs in their blood. The standard
response to food antigens circulating in the blood often involves the formation -of IgG
antigen complexes. However, these complexes get rapidly cleasedthe
reticuloendothelial system before eliciting any adeereactiont®2. In contrast, food
allergic patients with increasddod-specific IgE levelexhibited low levels of allergen
specific IgG1 and IgG4ntibodies'®**** Therefore, one of the significant aims in oral
immune therapy, as potentialtreament of food allergy, is to convert the ratio between
food-specific IgE/IgGs creating competition between those two classes to bind the antigen.
Reports have shown that an increase in IgG4 during oral immunotherapy was associated
with decreasedntigenspecific IgE bindingto their receptors on mast cells and basophils,
thus,attenuating their activatioti®.

1.3. Gastrointestinal tract and oral tolerance

The GIT is the richest organ in the body in terms of immune cells. It is lined with
epithelial cells that protect the body from and interacts with, copious amounts of food and
bacterial antigens. Under the epithelium is connective tissue incorponadimgimmune
cells, specialized in maintaining intestinal homeostasis, including those involved in oral
tolerance. After the ingestion of food, a series of mechanical and chemical digestions
involving the oral cavity, stomach, and the small intestine, trandéoga particles of food
into smaller molecules that are easietdierate and absonda the intestine. It is usually

these smaller molecules that serve as antigens for the acquired immune response.

22



1.3.1.  Oral cavity

The first site of interaction between foadd the GIT is the oral cavity mucosa.
The interaction between food proteins and the immune system in the oral cavity is not well
understood. It might not be as robust as the other sites of the GIT due to the intact state of
food, although some enzymes gmesent in oral secretions. However, the role of oral
cavity mucosa in tolerance development is well appreciated in sublingual immunotherapy
(SLIT). Basically, in SLIT food antigens are delivered in soluble form, heldtfay min
in the mouth before beijnswallowed!*®137 |t is hypothesized that undigested food
antigens will be captured by Langerhdike DCs and migrate to the proximal lymph nodes
138 These lymph nodes have preferential production of blocking IgG, primarily 1gG4,
rather than IgE, and suppressive T cells, which could be one ofsubeessful
immunotherapy mechanisrfer food allergy*®®.
1.3.2.  Gastric acid

The najority of food antigens get chemically digested by gastric acid, pancreatic
enzymes and intestinal brush border proteases that destroy the immunogenic epitopes and
result in the release of smaller friacts of peptides and amino acids. In a cohort study on
almost 800,000 children conducted by Migteal. 1°, childrenexposed to antacids in the
first six months of life were twice as likely to have a food allergy tthen controls.
FurthermoreUntersmayret al.'*! have found that feeding mice with caviar extract along
with antacidsranitidine or omeprazojeesulted in increased cawgpecific IgE, reactive
T-cells, and elevated the density of mast cells and eosisophihe GIT. Less digested
foods can retain some of the proteinsodo i

immune system in the GIT.
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1.3.3. Intestinal epithelial cells(IECS)

The intestinal epithelium represents a selective barrier that regulates theiabsorp
of molecules and microbiota into tgat's circulatory and lymphatic systebinder healthy
conditions, thdECsallow for the absorption of small molecules and prevent the passage
of larger one$*2 IECscan behave as narlassical APCs wittMHC-II expression on the
basolateral membrarté? capable of presenting antigens to primed T cells and inducing
CD8" suppressor cells, selectivefif.

Aberrdions in intestinal integrity and permeabiligre believed to play a role in
developingseveral GIT diseases, including food allergy, atopic dermatitis, celiac disease,
inflammatory bowel disease, and diabetes ty}§&éf**14’. A study byJarvineret al **2on
131 children with food allergies found that ethérd of food-allergic infants have elevated
intestinal permeability while asymptomatic. Several other reports have found a correlation
between intestinal permeability and food allergy in children and adGkE. However, it
is still unclear whether intestinal permeability ifaod allergy traitor a risk factor for
developing it. Although many reports have defined intestinal permeability as a risk factor
for autoimmune IBD development®, none of them has been linked to hypersensitivity.
Intestinal pathological conditions, such as infection with helminth, appears to be protective
against food allergy*®X. In contrast, humans with.pylori gastritis have increased
susceptibility to food allergy®? Although intestinal integrity is not directly impacted by
H.pylori infection in vitro, the passage of intact macromolecules that are less degraded

surgesincreasingood sensitizatiod®,
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1.34. Peyerb6s patches (PPs)

The intestinal epithelium is backed by a @ex network of immune cells
disseminated in the lamina propria. Congregatioh immune cells are also found
organised within nadlesal ong t he smal | i ntestine known
cellsoverhyngPey er 6 s pat c hes cschnerdocytamantgers framl d ( M)
the lumen and deliver them to underlying immune dé&ligure 1-2).

PPs ardoundalong the small intestine, and colon with 46% concentrated at the last
25 cm of the human ileufi* Structurally, PPs amimarily composed fogerminal centres
enriched with B cells, DCs and macrophadesed by a thinT cells layer'®®. Naive
lymphocytesenterthe PPs via high endothelial venul®&¥ithin the PRthey get primed
and activated before moving othirough efferent lymphatic vessels that connect PPs to
other lymphatic sites such #se LP and MLN™®. The exact role of PPs in the induction
of oral tolerancés not fully understood. However, RRill mice faikedto deselop systemic
unresponsiveness towards oral OVA but not to haptéh These findings suggest that
induction of tolerance to proteins is enhanced by the presence of the PPs, whereas smaller
molecules like haptens, that do notuieg the antigen processing of complex proteins can
induce tolerancéy alternate mechanism. In contrasto these findingsSpahnet al.
157.158fgund that PPs are not required for oral tolerance towards soluble antigens as long as
the MLN is present.

Antigens captured by M cells are delivered to DCs in the PPs, \whodesshe
antigens further anithteract withB-cells**°. With T cell help includingsecreion of TG
b, activated B c e WHichis impoaantsin csaivtolarand®’ Aso | g A

mentioned before, migratory CDI0BCs can traffic from PPs to the MLN where they
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stimulate priming of naive T cells into antigspecific Tregs with homing molecules that
enable them to return to the intestinal mucosa to exert their regulatory effects.
1.3.5. Lamina propria (LP)

The LP represents a thin layer of connective tissue that separaggsttiedium
from the submucosa. This layer is rich with a heterogeneous population of immune cells,
blood and lymphatic vessels, fibroblasts, and collagen. APCs in the LP can sample luminal
antigens directly via their dendrites tlzan extendthrough theintestinal epitheliunt®,
With such a large army @vailableAPCs, antigedoaded DCs are detectén LP within
15min of antigenfeeding and reach maximum levels in 1 hour with greater magnitude than
antigen uptake iRPs and MLN?®2 Like the PPs, the LP contains migratory CD103+ DCs,
resident CX3CR1+ DCs and macrophagapable of antigen presentation and exchange
(Figure 1-2). The antigen is eventualpresentd to naive lymphocytes, either wittthne
MLN or locally 163 The vast majority of antigens that drain to MLN appear to be derived
from the LP rather than PR%-1%5 Along with the PPs, LP is considered an active site for
tolerance establishment via the continuous interaction betweenrentigd the immune
system.
1.3.6.  Mesenteric lymph node (MLN)

MLNs are chains of lymphatic nodes embedded in the mesentery. Efferent
lymphaticvessels from PPs and LP drain towards the MLNs through which aitigeed
DCs traffic to educate naive T cells and prime them. According to Spathi®>’158 mice
deficient in PPcouldtolerate high doses of antigenlasg as the MLN was presett.
Grafting back the MLN ird mice without connecting it to the PPs and LP efferent vessel

fails to induce oral tolerance, as it acts as a distal lymph node, indicating the impoftance
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antigenloaded immune cells traffking through MLN. The chemokine receptor CCR7
mediates the mmation of DCs to the MLN"®¢, Mice deficient in CCR7 have impaired
capacity for DCs to migrate to the MLN and are unable to develop oral toléPanktter
induction of antigerspecific Tregs in the MLN, these cells disseminate throughout the
body and some home back to the intestine to exert their suppressive effects against local
effector T cells.
1.3.7. Splee

The spleen is a large lymphoid organ that is considered a part of both the circulatory
and immune systems. It consists of a white pulp, enriched with lymphocytes, and a red
pulp, which consists of venous sinuses filled with blood and specialized mageshat
filter out ageing red blood cells and recycle the itéh There are multiple ways for
antigens that entéhe body to end up in the spleen, as they leave the lymph nodes into the
efferent vessels that lead to the thoracic duct and eventually in the circdftiéh
Several studies have shown that spleen is involvedstablishingcentral tolerance,
including suppressingr cel proliferation and antibody productiorf>'”® Furthermore,
splenicDCs in antigen fed miceould produce suppressor cytokines like T6FL and
subsequently induce suppressor T céftd’> Adoptive transfer of splenic DCs from OVA
fed micecouldtransfer acquired immune suppression, while it was absent in mice injected
with splenic DCs from no®VA fed mice % However, splenectomy in mice orally
administeredantigens did not compromise the establishment of oral tolerance, which

indicates thatthe MLN is still heleadingsitefor oral tolerance induction.
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1.3.8.  Microbiota

Microbial communities that colonize the human mucaiter birthare not stable
and fluctuate during the first three years of fifé'’” This colonization runs in parallel
with the maturation ofhe intestinaimmune systenand GIT, suggesting arucialrole of
the microbiota in this procesS® and the presence obngoing signalling between

microbiota and mucosal immune cells.

An intimate relationship between the microbiota and the immune system is crucial
for proper functioning and maintainirigtestinal homeostasis and oral tolerancEhe
immature Th2biased immune system in neonates enables the microbiota to cdithize
in contrast, a lack of microbiota in GF mice has been shown to result in less mature PPs,
MLNs, low amounts ofsecretory IgA and fewer lymphoid follicles 89181 These
significant changes in the intestinal immune strucafr&F animals are associated with
reduced activation and frequency of immune cells, including T cells, B cells, and ILCs,
which can be altered by microbial colonizatiater in life 12184 However, the immune
development in Ginice conventionalized in adulthood is substantially different from
thoseconventionalizeaarly inife'®>. These reports support the
opportunityo in ear | y apldy&amomtentrolenimgshapihgithe h t h
immune systemg®187

Microbiota can regulate thietal immune system's developmean&a molecules
transferred from the mother across the plac&tde Agiieroet al. ' have shown that
mice born fromgestationallycolonized,otherwiseGF, pregnantdams have higher levels
of innate lymphoid cell8 (ILC3) andF4/80/CD11¢ mononucleacells. Transmission of
microbial molecules can be mediatedthg transplacental movement of IgG, as seen in
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gestationally colonized J4'/ " antibodydeficient dams . However, the impact of
microbiota found in the fetus on the early development of the immune systerki®woi

Postnatally, the transmission of anticrobiota IgA and IgG antibodies via the
mot her 6s mil k can da mppecific Tt helger celurespoasad andmi c r C
subsequently B cell responses in early life, which limits immunity against newlyredq

microbiotal®®

. After colonizatia, the microbiota plays an essential rolel@velopingB

cells in PPs and Ig@roduction'®1% |gA-class switching of intestinal B cellsv#al for
sufficientoral tolerance and highly dependent on Tregs, which are drastically reduced in
the GIT of GFmice 19%1%3 |n addition to effects in B cellss product of the commensal
Bacteroidesfragilis called Polysaccharide A interacts directly with Tregs via TLR2 to
promote immune regulatidf*. Furthermore, a defined mix Glostridiumstrainshasbeen
shown to enanceTreg inductionin the LP via the production of shedhain fatty acids

(SCFASs)'% 197 TheseSCFAsare suggested to serve as an epigenetic modulator of Treg

function1%

In humans,GIT maturationusually occurs shortlyafter birth whereas it occurs
around weaning in animals with short gestaperiodslike rodentst®®2% Gut maturation
is associated witla limitation of its permeability to macromolecules arincrease in
intestinal integrity that is highly dependentsaverafactors, one being the gut microbiota
201 Work in GF mice haslemonstrate@ structurathangein theintestiral morphology
including decreased intestinal surface area, increased permeability, enlarged cecum,
shallow intestinal crypts with decreased stem cells, reduced villous thickness, fewer goblet

cells withaltered mucus propertieand reduced AMPE?2% |t hasalso been notethat
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GF mice have impaired oral tolerarf€éand antibiotietreated mice are highly susceptible
to immunemediated diseases, such as astffhand GIT infectiong®,

Certain microbiota species, includiBjfidobactera andLactobacili, enriched in
the gut ofbreastfedinfants, have been shown to enhance intestinal barrier integrity,
resulting in reducing epithelial permeabilf}f?' PRRs are essential in this process, as
PGmediated signalling through TLR2 was necessary for regulating tight junction
associatedntestinal barrier integity 8. The digestion of human milk oligosaccharides
(HMOs) by Bifidobacterium and Lactobacillus species inthe neonatal intestine is
associaté with increasedlactate productionSCFASs, such as butyrate, acetate, and
propionate?!?. TheseSCFAsserve asourcesof energy for enterocytes, which enhance
epithelial proliferation, gut barrier function and intestinal moti{fjgure 1-4) 23

Collectivdy, the normal function and maturation of intestinal immune cellgtzend
GIT are highly dependent on colonization with healthy microbiota early in life and their
metabolitessupportinghehypothesesf arole for dysbiosis in the development of several

immunological diseases, including food allergy.
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Figure 1-4: Breast milk and oral tolerance
(A) Breast milk is rich with dietary and environmental antigens processed by the maternal digestive
system and transformed into more tolerogenic forms. Formula milk replacement is mainly derived
f r om c o with sessmietdarkantigens thdmeast milk.(B) Breast milk is also rich in IgA,
IgG, tolerogenic factors, soluble receptors, including STLR2, and microbiota. Antigens are
transferred to neonates either free or bound to sIgA or IgG. Free antigens can be transported by M
cells in the PPs and by trangigiial dendrites of APCs, such as CX3CRILs and macrophages
that deliver the antigens to migratory CD1@3Cs, which reside in PPs and LP. stgAtigen
complexes prevent microbial translocation into the neonatal intestine and enhanceadiggery
degadation by pancreatic enzymes. lg@tigen complexes translocate through the intestinal
barrier after binding to the neonafat receptor (FCRn) receptor to be captured by DCs. DCs
migrate to MLN where they prime naive T cells to differentiate into amsgecific Tregs. These
Tregs migrate back to PPs and LP amlaace oral tolerance bgducing inflammation and allergic
responses. Tregs preveilergy developmeniy inhibiting IL-4 production from Th2 cells, IgE
class switching by B cells. Breast mitontains sSTLR2, which can act as a decoy receptor and
compete with TLR2 on the ligands, thus, regulate signalling and immune response

Created wittBioRender.com
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1.4. The development of oral tolerance in early life

The mechanisms involved inal tolerancedevelopment in early lifare different
from those in aduttood due to the immme system'a n d  @iniktdre staie 214 Animal
studies have shown that oral tolerance in rodentsore difficult to induce imewborn
infants than in adult$'®. Feeding OVA to iday-old mice inducedn effectorimmune
response to OVA'® whereastolerance was inducible in mice thagéreolder than seven
dayswith decreased susceptibility to tolerance induction around the time of wé&ihg
In adults, oral tolerance develops with exposure to an adequate dose ofsathtégen
translocatehrough the intestinal barrier, gets sampled by AR@d presented to naive T
cells, leading to argienspecific developmeriblerance by induction of Tregs or clonal
anergy of effector T cell Unlike adults, the primary source of antigens for neonates
and infants is maternal milk or alternatives, before solid f@dgraduallyintroduced
until weaning(Figure 1-4). Understanding the impact of breast milk and its components
on the development of the immune system and GIT in childegpédnd our knowledge
about oral tolerancprocesssin earlylife.
1.4.1. Breast milk and oral tolerance

Under healthy conditionsghe neonatal immune system is biased toward Th2
responsginfluenced by the maternal Th2 state during pregnancy, which decreases the risk
of miscarriage?'®219 py limiting cellular immune responses against the fefiise
advantage ofh2 responses in fetal and early lifeeslucingmaternablloantigen rejection
and allowing for commensal bacteria colonizatjowhich contributes to the gradual
transition into more Th1/Th2 balanced immune respdi$eDuring pregnancy and

breastfeeding, maternal immune cells, including DCs, translocate to thefetdiants,
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and due to the immunosuppressive and Th2 polarized microenvironmentcelisseill
be tolerated?!??2 Maternal DCs and molecules transferred across the placenta and via
breast milk are potent stimulators for the expansion of CTD25'FOXP3 Tregs, which

further suppresses antimaternal immunity in the uteruslandgearly life 22222,

Before dietary allergens reach breast milk, they pass through the maternal digestive
system where they are processed and digested, usually into more tolerogen(Eifgunes
1-4A) 224 However, somallergensare found intact in breast mifk°. The low gastric pH
levels in adults (pH-R) compared to neonates (pFbBarehighly involved indeveloping
these tolerogenic fornté®. Breast milk is enriched with several types of immunoglobulins
(Ig), primarily IgA with lesslgG and IgE??5 some of which are spedififor dietary
antigens, such &%andgter® s mi |l k proteins

slgA, whichincludes a dimer aigA moleculesis the predominant form of IgA at
the intestinal mucosa. It can inhibiicroorganism adherent¢e the mucosa and regulate
microbiota colonizationFigure 1-4B) 22°. Mucosal slgA can also bind allergens and
facilitate their degradation by pancreatic enzymes and enhance their endocytosis via the
intestinal epithelium(Figure 1-4B). Furthermore]gA's inability to fix complement by
classical or alternative pathways leads to protection of trapped allergens from
immunological reaction$?®. Although animal models have shown that oral tolerance is
inducible in the absence of slgA® there arecontroversialreports of increased
susceptibility to allergic diseases in lgificient individual®®.. Additionally, maternal
milk IgA levelwasfound to benversely correlated with thHaterdevelopment of allergic
di seases, such a dreastiearhildsen, mdidating am kedsemtralgole,of i n
IgA in neonatal oral tolerancé??33
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According toa recent report bjRamanaret al. 24 breast milk can modulate
transgenerational immune inheritance via a rbitkne IgAmediated mechanism. In a
crossfostering experiment, the damsth high IgA levelsin their milk inhibited the
expansion of coloni®ROR-2 't Tregs in nursed pups, regardless of their biological mother,
for multiple generations. In contrast, dams with high levels of colB@&-2 "t Tregs
secreted lowlgA levels in milk, which wasinsufficient to decreasRBOR-2 't Tregs in
nursed pups, a trait that was imprinted for multiple generations. In a ecoedpive
feedback loop, milk IgAcould coat microbiota in nursed pugsdredue the microbial
induction ofROR2%Tr egs 6 e x p aoios. Wheneasithe high tevels of colonic
ROR-2 't Tregs can suppress IgAlasma cells in the intestine, and subsequently in the
mammary gland, therefore express low levels of IgA in milk.

Allergens in maternal milk can also be complexed with #Gsuch complexes
have been detected in the serum of both healthy and allergic mdth@isese complexes
are transferable from serum into maternal milk usiagnatal-c receptor FcRn that is
expressed in the epithelium thle mammary gland®’. FcRn is also founih the neonaal
intestine, and it mediates thianslocation of the Ig@llergen complex across the gut
barrier (Figure 1-4B) 228, Researcherhavefound that allergens bound to IgG induced
more Tregs and more profound immune tolerance than free allefifefBesides d-
mediated transport, allergens can also be transpacteds the intestinal epithelial barrier
by M cells in thePPs and by transepithelial dendrites of APCs that reside in PPsRand
239_

During the fetal period, the intestinal barrier ighly permeable, absorbing

nutrients from the amniotic fluid*®. Immediately &er birth, intestiral permeability
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decreases rapidly due to ttight junctions' maturatiobetween IEG ?*%, This process is
accelerated in infants that ingest the colostrum whilebreastfed children experience a
prolonged increasepermeabiliy period 242243 Intestinal permeabilityalso decreased
faster in preterm infants ( O3i@plaveofifast of ge
formula**. Prolonged intestinal permeability could be linked to an increased incidence of
atopic and infectious diseases in Aweastfed infant$*°. Neonatal IECs have limited
microbial communities and secrete low levels of cyteki and chemokindkat would
promote the developmeaf tolerogenic CD103DCs in the lamina propri&®. However,
breast milkderived mediators, including microbiota (i.B. fragilis), vitamin A and
immune facteos, such as TG#, compensate for this deficit and enhance the expansion of
tolerogenic DCE*"25%, Accordingly, oral toleranci children depends on dietary factors
including those derived from maternal milk, which contribiuteimmune regulation and
maturation of the intestinal barrier. Definitigeast milk's critical characteristiesight

expand our knowledgef the mechanisms involved food allergy development

1.4.2. Breast milk and allergic diseases

Breastfeeding is recommended by scientists, health organizations and governments
for all infants asa natural source of multiple factors that promote healthy immune
responses, nutrition, protection against infection, and developftefihe World Health
Organization recommends exclusive breastfeeding for six months before introducing solid
foods 3, Theimpact of breastfeeding on the development of allergic diseases has been
extensively studied, with conflicting resuff. Some have reported beneficial effects
261 while others have found no impact or increased risk of allergies abreagtfed
children notablyin infantsfed by atopic motherg%225 A randomized trial by Lucast
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al. 2% found that feeding banked human milk to pretermannt s r educed t he 1
milk allergy when compared with formula feeding. In contrast, a cohort study by Wetzig

et al.?%¢ found that exclusive breastfeeding for miv@nfive months was associated with

increased early sensitization to eggs and atopic dermatitis. This variable effect of
breastfeeding ofood allergy preventiomay berelated todifferences inength of such

feeding,milk componentsethnicity, diet, ad other factors.

Breast milk composition is dynamic and changes dramatically over time to match
the needs of the growing infant. For example, the protein concentrairatially about
1.4-1.6 g/dl in the colostrum and decreases to @& g/dL after sixnonths?®’. The most
common alternative for human milk is infant form@dao mmonl y der i viled fr on
which contains higheprotein and fat concentratiotisan breast milk%8. Breast milk is
enriched with all er gen s -lactoglpbln®eodhbumrSt he mo
and peanut componerf®. In a cohort study by Piét al.?’%, the peanut allergy rate was
significantly reduced among children whose mothers consumed peanuts while
breastfeeding. Grimshaet al.2’? showed that infants diagnosed with food allergigs/at
years of age were more |ikely to have recei

and less likely to be breastfed during the introduction of these foods.

According to the Canadian Healthy Infant Longitudinal Development (CHILD)
study,adelay n f ood all ergens, such as peanut, C
incidence of food sensitizatiéf®. Furthemore, a study calleBnquiring About Tolerance
(EAT) led by Dr Gideon Lack has found that the early introduction of peanut, boiled eggs,
milk, fish, sesame, and wheat might protect children from reacting to these?@ods

Together, the transfer of food allergens in milk and the timing of solid food introduction
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relative to breast milk consumption appears to ltearin preventingallergic diseases.
The presence of immunomodulatory components in breast milk are thought to be critically

important in regulating these processes.

1.4.3.  Breast milk immune mediators (IM) and oral tolerance

Over the past 20 years, multiplgtakines and immunomodulatory factors have
been identified in breast milk. This list B¥ls is cortinualy increasing with advances in
detection methodsTéble 1-1). Many of these factors are derived from thammary
epithelial cellsor milk-borne immune cells?’>, while others are transferred from the
mot her s <circulation. Such Dbreast mi |l k co
neonatal oralolerance through both immune modulation and impacts on other factors such
as barrier function or the microbiome. Particular challenges for research in this area are the
variability in concentrations of immune factors in breast milk and their abilityriave
the infants stomach and exert a biological effect in the GIT. Due to ethical limitations,
most studies of thimpact of breast milk immune factors on the host have been conducted
eitherin vitro or in vivo using animal models. Through the analysfisuch studies, it is
widely agreed that TGB , -10, UL-6, and sCD14positively impact tolerance
development 2’5, Other cytokines and soluble receptors aatso of potential
immunomodulatoryimportance.Besidesthese factors, several chemokinag;luding
CXCL8, CCL2, CCL5, and CXCL1@&ndgrowth factors, such as EGF and IR II),

are detected in breast mAK-Z8,

1.4.3.1. Cytokines
Cytokines detected in breast milk, include F6F -10, LL-6,I1L-1 b, T N#, I FN

IL-4, IL-5, IL-12, IL-13, GCSF, GMCSF, and MCSF (Table 1-1) 2’9283 Many of these
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cytokinescanalter oral tolerancéy impactingthe development ahe neonataimmune
system and GlTand the maternal mammary glaffeigure 1-5). Several factors rght
further influence the concentration of cytokines in breast milk. For example, subclinical
mastitis,alocal inflammation in the mammary gland observed in 23% of nursing mothers,
induces considerable changes in milk pirdlammatory cytokines that miglaffect infant

immune or GIT developmer#”.

The most abundant cytokines in breast milk are BGFf ami | y member s,
TGFb1l andd2TGFThe concebtdatfifemsofdr 3a@&t i cal
lactation period and between individual mothers, Wik~b 2 b ei ng mor e abu
breast milk and TGl 1 i n t Atéhe same timdyoth are relatively scarce the
infant formula?®32’, The majority of TGFb 1 an® 2T GMm b r e dnsldtentmi | k e
forms activated by the gastric acid in infant stoma&h Furthermore, CD103DCs can

activate latent TG which isessentiato induce Tregs®.

TGFb h a gnflammatory roles, inhibiting naive T cells from differentiation
into Th1l and Th2 subtypethereby suppressing Th1/Th2 respons€s2 TGFb al s o
fostersthe stabilization of FOXP3 expression and mainsdime differentiation of Tregs
290291 The roleof TGFb i n tishmaltifaGdted including enhancing oral tolerance
292 promoting intestinal integrity®®, stimulating IgA classwitching in B cells 2%,
promoting colonization and abundance of microbidfa and regulating inflammatory
response$*?123 According to a systemic review by Odelyal.?% high levels of TGFb 1
andTGFb2 i n breast milk were inversely correl
in childhood. Furthermore, the levels of TBGF w mareselevateth maternal colostrum

of infants who developed pesteaning atopy compared with those with-preaning atopy
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297 Moreover levels of TGFb 1  wer e s i g n i theibeastntilk ofallelgio we r i |
mothers compared to nailergic mothers, which could be linked to increased symptoms

of atopic dermatitis in infants born to allergic moth&¥s Although TGFb can i nduc
pathogenic Th17 responses in the pree of 1l-6, the production of RA from CD103

DCs in the intestine is thought to antagonize and overriegdtiven induction of Th17

and promote Treg differentiaticf®.

IL-10 is an antinflammatory cytokine detected in both the whey fraction and the
fat layer of breast milk with a molecular weight 38D, higher than that of H10 in serum,
suggesting that it might be bound to other molecules ortparsscriptionally modified®.

The bioactivity of 1-10 in breast milk has been canfied %% IL-10 inhibits Thl
responsesincreases survival and expansion of B ¢elisd downregulateMIHC-1I on
monocytes hence limiting their APC function *2%, It has been heavily implicated in the

regulation of intestinal inflammation and regulating responses to the microbiome.

IL-6 is a pleiotropic cytokine reported to have bothipftammatory3°2 and anti
inflammatory*®®impacts It has avital rolein regulatingthe acute phase responsinnate
antibacterial host defence enhancement and limiiigmmation's adverse effect -6
also regulaes mucous production by goblet cefi%. It has been detected in the whey
portion of breast mil k i n b o-8B0kDisofoghdanadno | e c u
at relatively consistent levels in breast milk for the first three monthsppotstm30°39¢
This cytokine has been linked tgA productionin the neonatalntestine by inducing
follicular T helper cells in the germinal cees of PP3%, It also stimulates the mammary
epithelium to transport more IgA into mif€’. IgA levelsin breast milk areositivey

correlated with the concentrations of TBF, -10, and I1-6 in breast milk®’. High levels
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of IgA in breast milk have been reported to be protective against allergic diseases, including

cowds mi¥R allergy

IL-1b i s probably the first cytokine to
radioimmunoassay (RIA) by Munoet al. 3°® who reported that H1 b & i ihight
concentrations in the colostrum and davenmilk; however, more modest levels have
been reported in more recent studf@s°13% Although IL-1 b  Iteanshown to attenuate
skewing of T cells toward Tregs, Jarvinenal. 3%’ havedemonstratethat IL-1 b t oget her
with IL-6, IL-10,and TGFb | i n bisaesassac imatle&kd wi th enhanced
milk. However, the impact of breast midlerived ILk1 b on t ol erance dev

neonates is still not clear, as both the cytokine and its antagonists exist together in the milk.

In vitro andin vivoanimal studies have suggestadle for milk-derived cytokines
such as TNF |L-103" and IL-6 *!?in intestinal epithelianaturation proliferation and
repair.Also, TNFand TGFb |  h a v -@poptatic effectton IECE?31 although a very
high TNF concentratiomill alsoinduce apoptosid'®. Intestinal permeability, whicls a
crucial factor inoral tolerance regulatigreould be altered by breast milk cytokinés.
vitro experiments suggest that-l0 enhances intestinal integrity and compromises the
barrier disrupting effectof IFd , a pr ocess confliinduvesldolitby s ev
and increased intestinal permeability in10 receptorl null mice3'®. A study by Kuhret
al. 3% has shown a decrease in the expression of epithelial barrier proteins and a thinner
mucus layer in the intestine of 6/ mice, suggesting a role of 46 in maintaining
intestinal integrity.Also, milk cytokines could impact the ammary gland itself. For
example, TNF is a regulator for the development and branching of glands in theé¥freast

such factors couldffect both the supply and constituents of breast milk.
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The extent to which breast mitkerived cytokinesanaffectthe neonatal GIT also
depends on several neonatal factors. Thelik concentrationsvary dramatically during
the lactation periodand commonly, concentrations of cytokines are higher in the colostrum
277 The ability of cytokines to retain bioactivity after passage through the'sstormach
is also critical. Theneonatal stomach pks higher than in adults (pH%), which might
allow more cytokines to exert biological effects and compensate féackef cytokine
responses in neonaté8 Other factorshatmight impactcytokineefficacyinclude soluble
receptors or receptor antagonists in breast milk or the neonatal GIT, which might regulate

thebinding of the cytokines to their receptors or compete with them, respedfitely

1.4.3.2. Soluble receptors

Soluble receptors are thought to have immunoregulatory irolesny biological
fluids, including breast milk. They regulatiee signdling of milk-borne cytokines and
innate immune stimulators through membréoeend receptors in the neonafEgyure 1-
5). Soluble cytokine receptoneported in milk includesIL-6R and sTNFRI and sTNF
RII, receptor antagonists, such aslliRA, and soluble innate immune receptorsluding
sCD14 and sTLRZ2T@ble 1-1). In some cases, milkolublereceptors mighbe bound to
their ligands or carrier proteinexplainingthe more massive@bserved molecular weight
ofsomecytokie s i n mi | k -BOKDLf&r 0-8, BOKDato IO5KR for TNF, >80kD

for IL-10) 3%°. However, this issue has not been well studied.

Soluble receptors for classical inflammat cytokines are found in breast milk
throughout lactation. The level of sBR is low under normal conditions in both colostrum

and mature milkand its affinity to 1L-6 is also low?!°320 The exact role of this receptor
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in breast milk is not clear ygtowever,n vivoexperiments have skvn an augmentation

of IL-6 function by slIL6R 2%,

IL-1RA is detected in human colostrum and milk in amounts higher tinam sk
binds to the IE1 receptor due to homology with-L U  a rl d*'*¥?2LHowever, it is
considered an antagonist as it competes with ll /-16L f or receptor bin
regulates their effectd!®322323 The importance of H1IRA in milk has not been well
studied, but it likely limits the inflammatory response in the neonatal GIT. The two soluble
forms of TNF receptor are STNRI and sTNFRII, reported in human colostruma@milk
and shown to modulate TN#gnaling. Only a small fraction of the TNF in breast milk is
free to activate cells while the majority is speculated to be neutralized by the soluble
receptors’’®. High levels of TNF have been detected in milk from mothers with mastitis;
however, this was accompanied with elevated levelsTdfFsRIl and IL-1RA, which
might protect nursing infants from high pirdlammatory cytokine levels in the context of

such breast infection*.

Soluble forms of innate immune receptors, CD14 and TLR2, have also been
detected in breast mifé®. A single (48kD) form of §D14 has been observed in human
milk, whereas sTLR2 isbservedn 6 isoforms (from 2@B5kD) %8326 There is substantial
evidence thafTLR responsivenesto ligands, such as LPS and lipopeptides in the
neonateds gut, i's regulated by sTLRs and s
adversaesponse®’’ and potentially allowing for more efficient development of tolerance
to commensal microbiota. CD14 is am@xeptor for both TLR2 and TLR4 and iigates

recognition of their ligand$?® Interaction between sCD14 and sTLR2 in breast milk
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increases the binding capacity of STLR2 to bacterial products, suets #®&m Gram
positive bacterid?®,

Furthermore, sCD14 can complex with LPS and limits {oR&liated cellular
stimulation®?%3% The role of TLR2 in oral tolerance is still neatact signdling via this
receptor differs between commensal and pathogenic batXe@ur group has shown that
TLR2 activators in food might skew the immune system towards an allergic response by
inhibiting oral tolerance developmerff. In contrast, B. fragilis, which contains
polysaccharide Asignals via TLR2 on Treg$eading to suppressj Th17 responseand
enhanced colonizatiowith this bacteria in the intestind®. Therefore, establighg or
disruptingtolerance via TLR2 might require other microenvironmental ligands and/or
receptors and be highly dependent on intestinal location. STLR2 in breast milk has also
been implicated ipreventing HIV infection and inflammatiomnhibition 33, although the
mechanisms whereby this occurs are not well understoambuld relate to improved
intestinal barrier fuation or altered receptor expression by local immune effector cells
vulnerable to infectionHHowever, ittle work has been done examining the role of STLR2
in oral tolerance or its impact on theonate's developing microbiofdso, sveralsoluble
receptors exist in serum, saliva, or urine, including sTLR44sR, sIL-5-R, sIFNo-R,
STGFb-R, sGMCSFR 3% Thesemight be of additional potential importance in
regulating the impact of mitkorne cytokinesHowever, these receptors have not been

well studied and defined in breast milk.
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Figure 1-5: Mechanism of milk cytokines and solubleeceptors in oral tolerance.

Milk factors enhance the development of tolerogenic DCs in the neonatal gastrointestinal tract
(GIT), Milk derived cytokines (light blue boxes) and soluble receptors (green bdsen) a
network of IM that interactogether and impact oral tolerang@ multiple mechanisms. Milk
cytokines, including TG#B , -10, LL-6, TNF, and IFNo affectthe integrity, proliferation, and
apoptosis of intestinal epithelial cells (IECs). High levels of cytokines in breast milét atsol

have adverse effects, suchthe high TNF concentratiorthat @anbe seen in mastitis and induce
apoptosis in the IECs. Effecdf TNF can be attenuated via the corresponding soluble receptors,
STNFR-I, andsTNFR-II found in breast milk. Furtherme, sTLR2 and sCD14 in breast milk can
modul ate the inflammatory response towards
and TLR4, respectively.
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1.5. Rationale and Hypothesis

TLR2 is highly expressed on monocytes and mammary epithelial cells aysl pl
an essential role in the secretion of several IMs, some of which are found in breast milk.
The maturation of the immune system and the GIT in infants is highly dependent on milk
IMs and other factors during the critical window of opportunity for ocdérance
development and commensal microorganism colonization. The exact role of maternal
TLR2 in the modulation of milk components asdbsequentlgevelopingoral tolerance
in nursed infants is not fully understood. We sought to investigate the impatR@
deficiency in modifying milk components and how it impaetsiune systerdevelopment
in nursed pups using a mouse model of cfostering. Also, we wanted to understand the
impact of maternal factors afidlR2gene polymorphisms on the levels of §2.and other
IMs in human milk and association with allergic diseases in infants. We hypothesized that
milk composition is influenced by the expressiospécificinnate immune receptors, such
as TLR2, which mediate secretion of IMs in breast milk. Therdinces in these IMs
between mothers might predispose some infants to immaakated diseases, including

allergy.
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Table 1-1 Concentration of cytokines and soluble receptors in human colostrum and
human milk

HumanColostrum  References Human milk References

(0-4 days) (1-6 months)

1403300  pg/m| 297:301 80-600  pg/m| 297:333
1003300  pg/ml 297.334 8005300 pg/ml 287.301
0.2927.7  pg/ml 301335 0.02823  pg/ml 301333
1.6-172 pg/m| 335336 5.6626.8 pg/ml 287.337
6.2-79 pg/ml 287.336 6.2142  pg/ml 287336
7.380.6  pg/ml 335338 3.5148.6 pg/m| 301337
0-3304 pg/ml|  298:300 0-246 pg/m|  298:336
IL-12 3-310 pg/m| 339:340 3-40 pg/ml| 339.340
3.2-243 pg/ml  279.287 3.2264  pg/ml 287.336
21.9620  pg/ml 341342 4.458 pg/m| 333343
2.5-708 pg/ml 301336 0.7-175  pg/ml 301336
| GCSF [kl pg/ml 282 4.2 pg/ml 282
23.02 pg/ml 282 1.6 pg/m| 282
374052470 U/m| 283 1150 U/ml 283
3703 pg/ml 319 1732 pg/ml 319
4507 pg/ml 310 931 pg/ml 319
12761 pg/ml 319 2436 pg/m| 319
77.988.8  pug/ml 34 7-25 pg/ml 345346
* 68 ~10 ng/ml 7

* Concentration of STLR2 in humagolostrumis not reportednd assessed from the figure
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Chapter 2. Materials and Methods
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2.1. Animal experiments
2.1.1. Mice

BALB/c mice, wild type (WT) or TLRZ, were bred within the Carleton Animal
Care Facility at Dalhousie UniversityHélifax, Canada). TLR2 knockout mice on a
BALB/c background were produced by successive backcrosses, beginning with-B6.129
TIr2tMKi/3 (TIr27) from the Jackson Laboratory (Bar Harbor, ME) and BALB/c (Charles
River, SairtConstant, Canada). Progenywere r e ened wi th Charl es R
SNP Panel throughout the breeding process, resulting in mice having greater than 99%
BALB/c-derived genomic DNA, with only the TLR2 locus remaining 48%&LB/c. The
breeding pairs were derived from combinations of boygous and heterozygous breeders
to minimize microbiota variabilityand genotyped before mating. All the animals ate the
same dietandweteoused i n a pathogen free Adfinmaci | ity
experiments were performed under approveatqeols by the University Committee on
Laboratory Animals (protocol numbers-088, 18072) in accordance with the Canadian

Council for Animal Care guidelines.

2.1.2. Mating and crossfostering

Crossfostering experiments required the synchronization of fensftescycles,
which was achieved by dwousing the females in groups fore days with male urine to
stimulate the estrus cycles through its content of pherom8hébno types of breeding
cages oBALB/c mice (68 weeks old) were established; the first tyoatained a WT
male and a TLR2 female and the second type contained a TLR&le and a WT female
Therefore the offspring from both types of breeders were heterozygous genetically
(TLR2'") and phenotypically normal. Pups from each breeder were divided into two groups
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within 1-3 days after birthHalf of each litter remained with its biological mother whiie

alternate genotype mothfastered the other half

2.1.3.  Assessment of food sensitizatn towards OVA

We tested the ability of newborn TLR2mice nursed by WT or TLR2dams
using a crossfosteringmodel| to develop immunological tolerance to OVA during the
lactation periodWe havetested our hypothesis two separate experiments bytheir
feeding the pups or feeding the mothers with OVA. Betweeri@ayd day 17 after birth,
crossfostered and noorossfostered litters received OVA directly (20 pg per gram
weight) dropwise into their mouths every second day by pip&liiernatively,pupswere
nursed by mothers thangested OVA by daily gavage (100 pl of 4 mg/ml OVA). Pups
born to WT and TLR2 dams and not exposed to OVA by either route were used as
controls. All pups were immunized on day 19 with 10 pg of OVA precipitated to alum,
weaned on day 21, and boostedriyaperitoneainjection of 1 pg of soluble OVA in PBS
on day 33. Blood samples were collected in heparinized tubes from the mice at day 40.

OVA-specific immunoglobulins (IgE, IgA, 1gG1, IgG2a) were measured by ELISA

ELISA plates were coated with amiouse IgE, IgA, 1gG1, or IgG2a capture
antibodies BioLegend,San Diego, CA) in 0.2M borateuffered saline (pH 8.3). After
washing and blocking the plates in PBS with 2% BSA to avoidspagific binding,
plasma and standds were added to the plate and incubated at 4°C overnight-ft8H.6
Plates were washediotinylatedOVA was added to the plates followed by HRP
Conjugated Streptavidin  (ThermoFisher, Waltham, MA) and TMB substrate
(ThermoFisher) to detect the level aiumd OVA. The optical density (OD) of the wells

was read at 450 nm using a BioTek synergy reader (BioTek, Winooski, VT) and analyzed
50



by Gen5 software (BioTek). O\Wapecific IgE was quantifiedomparedo a commercial
standard (Chondrex Inc.; Redmond, WAA) and reported as ng/ml. OV#pecific IgA,
IgG1, and IgG2a were standardized relative to a standard séthra high titer of anti

OVA immunoglobulins andlatapresented as optical density at 450 nm (OD450)

2.1.4.  Assessment of DC subsets, Tregs;leelpers, aad ILCs by flow cytometry

The pups from selectextossfosteringexperiments were euthanized at days 15 or
21 after birth. PP, MLN, and spleen were harvested from each mouse and assessed for DC
subsets, Tregs,-felper cells, and ILCs. Collected tissuegevminced, and singleell
suspensions were blocked using 10% {meattivated rat serum for 20 min4tC. Before
extracellular or intracellular staining, singtell suspensions were incubated with fixable
viability dye (FVD) eFluor 450 ThermoFisheriluted 1:1000 in PBS for 20 min at@.
To determine the frequencies of D@slgptedrom 34%) and ILCs adapted froni*9), they
were stained with a cocktail of antibodies éxtracellular markers indicated imgble 2-
1). To identify T-helper cellé subsetsthey were stimulated with 50 ng/ml PMA and 1
pg/ml of lonomycin in 10% FB&RPMI medum for 5 hours before addin§ pg/mi
Brefeldin A for another 1 hour. In contrast, Tregs were assessed without cell stimulation.
The frequencies of Treg®® and T-helper subsetsvere identified by staining with
extracellular markerg¢Table 2-1), followed by fixation, permeabilization, and staining
with intracellular antibodieéTable 2-1). Analyds of flow cytometry datavasperformed
using Flowjo software (AshlandOR). Viable cells (negative population 6D-eFluor
450) were gated on CD#56ells. Thefrequenciesf DC subsetandTregswere calculated

as indicated in the gating strategi€gy(re 3-3 andFigure 3-5, respectively). The levels

51



of DC subsets, -helper subsets and ILCs that failed to shognisicant differenceare

summarizedTable 2-2).

52



Table 2-1: Antibody staining panels

DCs ILCs Treg cells Ty cells
FITCCD3U FITC- Extracellular FITC-CD 4 A
PECD103A CD% FITC.CD3 U PECy7-CD3 UA
PECy7-Ly6c? cD3U BV510-C D4 PerCRCy55CD4 5
PerCRCy 5.5SiglecH A CD11e PECD2% eF450F V D A
APC-CD11¢ CD11lr APC-CD4¥  PEIFN-02
APC-eF780CD8 UA @ CD19 A eF450F V D £ APC-IL-48§
AF700-MHC-I | A Gr-1 A Intracellular ~ BV510-IL-172
eF450F V D A CD49ly PEFOXP 3
BV786B2 2 0y PerCRCy5.5CD4 5y
BV510-CD4% APCIL-33RU (S|
BV650-CD317% PECD117
PEeF616CD1 1 b A  AF700-CD90.2
BV711-CD2 4 y eF450F V D A

BV786-CCR&
BV510-CD 4 y
BV605-CD127 (IL-7R)
PECD2%

z BioLegend (San Diego, Calif).

A Ilnvitrogen (San Die
y BD HorizonCA (San J
§ BD Pharmingen (San Jose, Calif).

go, Cal i f
os e, Cal i

) .
f) .
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Organ  Nursing % of CD%
dam Tl Tul7 T2
WT
0.12 0.03 0.02
(n=4) (n=4) (n=4)

M
(=4 (=4 (=4)

0.33 045 0.12

LN
0.23 0.06 0.030

Table 2-2: Frequencies of Ty cells, ILCs, and DCs subsets

1.320+ 0.2700+ 0.1094+

TLRZ2S 1.605+ 0.3250+ 0.1775+

Spleen WT 3.490+ 0.1500+ 0.3475%

0.31 0.009 0.029
(n=4) (n=4) (n=4)

0.30 0.025 0.041
(n=4) (n=4) (n=4)

0.14  0.08 0.11

TLRZ2S 2.745+ 0.2050+ 0.4400+

54

% of MHGAII*/CD11¢

pDC
46.56+
6.97
(n=5)
36.70+
3.99
(n=28)
0.21
17.25+
1.33
(n=5)
20.17+
1.2
(n=8)
0.14



2.1.5. Digital droplet PCR (ddPCR) analysis for DCs and Tregs genes

DCs and Tregs were sorted from Miderived cell suspensions using FACSAria
[l (BD Bioscience). Lymph nodes were pushed throughja8trainer then stained with
fixable viability dye FVD) eFluor780 (eBioscience). The tolerogenic CDICD11¢
DCs were gated on lineagee CD3/CD11b/CD19 and CD45/MHCII*. The Tregs were
gated on CDZCD25". The purity of sorted cell populations was >90% for DCs and 75%
for Tregs. Both types of cellgere collected directly into Trizol (Life Technologies), then
MRNA was extracted using RNeasy microRNA columns (Qiagen). A standard quantity of
total RNA was reversely transcribed (Qiagen Quantitect kit). The transcript levels for Treg
genes Foxp3 Ccr9, andCd279 and DC geneddo, Tgfbl, Raldh2 Cd8Q Cd86 Cd274
andBtla) were assessed by Evagreen ddPCR (Biorad) using commercially validated primer
sets (Biorad and Qiagen) and normalized agaitmst and Gusbtranscript levels. The

results of norsignificantly changed genes were summarize@able 2-3).
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Table 2-3: Tolerogenic DCs and Treg cell gene' expression
DCgenes

Nursing
dam Tofbl

WT 986.3+
(n=5)

IEERS 1199+
182.8
(n=4)

0.32

Raldh2
10,506+
2162
(n=5)
7421%
1788
(n=4)
0.32

Cdso
310.8+
66.73
(n=5)
184.1+
38.10
(n=4)
0.16

Cd86 Cd274

264.4+

25.13

(n=5)
307.4+

62.60

(n=4)

0.51
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1898+
193.0
(n=5)
1445z
237.3
(n=4)
0.17

Btla
1081+
92.23
(n=15)
827.7+
238.4
(n=4)
0.31

Tre genes

FOXP3 CCR9 Cd279

5683
1204
(n=4)
5625z
878.4
(n=7)
0.96

574.0+
1711
(n=4)
597.9+
75.75
(n=7)
0.88

4650+
150.0
(n=2)
5600+
778.9
(n=4)
0.46



2.1.6. Intestinal permeability

Permeability of the small intestifrepups fed by TLRZ or WT dams was assessed
in vivo using oral administration of FITODextran 4 kD (Sigm&ldrich, St. Louis,
Missouri, USA) at the age of weaning (day 21 after birth). Brieflynleeingested FITE
Dextran 4 kD (44 mg/g body weight) by gavage. After two hours, the mice were
areesthetizedy isoflurane andthe blood was collected vacardiac puncturerhe mice
were euthanizedy CO, and cervical dislocationfollowing blood collection Blood
samples were centrifuged for 10 min atC4(12,000x g), and plasma samples were
assessed forFITC Dextran concentrationsing a fluorescent spectrophotometer at an
excitation wavelength of 490 nm and an emission wavelength of 530 nm. Serially diluted

FITC-Dextran ina nonrgavagednouse serurservedas a standard curve.

2.1.7.  Mouse mlk sampling

Mouse milkwas collected on days 1, 5, and 10 using a 1 mm silicone tubing
attached to a dosing pump E385 (INTLLAB, China), which keeps constant and
adjustable pressure on the mammary gléngitocin (Sigma Aldrich, St. Louis, MO) 2 1U
in 100 pl PBSwasinjected intraperitoneally before milking. Mouse milk was collected at
least from 6 mammary glands in each mother with yields betweer83(bQl of
milk/mouse. Milksamplesveredepleted of lipid by centrifuging at 10,000 x g for 10 min

at 4°C. Whey fractins were stored a20°C for further analysis.

2.1.8. Mouse milk immune modulators (IMs)
Milk whey content of Il-6, IFN-0 , -4,1U-13, IL-10, and IGF1 was quantified
using a mouse premixed mu#thalyte kit (R&D, Minneapolis, MN) according to the

ma n u f a adcammendadian and acquired by Luminex 200 {Baxl, Hercules, CA),
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with calibration and standard controls. Samples were thawed only onite @me and

assayed in duplicate. Milk content of TBFL ané 2T®RSs quanti fied b
ELISA kit (R&D). To measure the total TGF 1 , anbd2 TIGF mouse mil k.
activation step was performed. Briefly, each whey milk sample was diluted in PBS and
then treated with 20¢l of 1N HCI per 100c¢l
neutral i ze d.2NWNa®©HI0.5M BEPES. &dmplds were loaded intecpeded

ELI SA plates according to the manufacturer

Mouse soluble TLR2 and total IgA in mouse milk were assessed by using ELISA
kits from Abcam (ab224880, UK) and eBioscience -$8850, SanDiego, CA),

respectively, according to the manufacture

2.1.9.  Supplementation of IGF1 and IL-6

Pups born to TLR2 dams were divided into three groups and gavaged with PBS,
IGF-1 (240 ng/gy (PeproTech, Rocky Hill, NJ or IL-6 (650 pg/gy (PepoTech.
Supplementation with IGE or IL-6 started on dafpur after birth and was repeated every

second day until weaning on day 21.

2.1.10. Statistical analysisof mouse experiments
OVA-specific IgE, levels of tolerogenic DCs, Tregs, and intestinal permeability
wer e compar eANOWyfollowedebyFwnasyher 6 s | eas't signi f
(LSD) posthoc test for comparisons between individual means. Levels of cytokines in
milk were compared between WT and TLR2 a mé s mi | k -point bgvery

Student'd efst.
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2.2.  Human milk experiments
2.2.1. CHILD study design

In the CHILD study, mothers and infanigere recruited from four different
locations in Canad@ oronto, Vancouver, Edmonton, akt&nitobg in the period between
2008 and 2013, Written informed consent wascquiredfrom the participantsduman
Research Ethics Boards at the Hospital for Sick Children, McMaster University, and the
Universities of AlbertaManitobaand British Columbichave approved the studpata
were collected based on questionnaiadieygic testsand samples taken frothe mothers
and the infants at different time points according to the study profdcohe current sub

study used three subsets out of the full cohort.

The first subset (n=300) was chosen based on the allergic status of mothers and
infants andfell within four groups both nontallergic, both allergic, allergic mother/nen
allergic nfant, and norallergic mother/allergic infant (n=7per group). The maternal
allergic status was defined Iyavingat least onallergic diseasancludingfood allergy,
asthma, hayever, or skin allergy,diagnosedorenatallyby a medical doctarSubsets of
motherchild dyads for analysis were identified in collaboration with Dr. Meghan Azad, a
lead investigator within the CHILD studyhe allergic disease enrichedbset was chosen
to studybreast milk componentsvith a focus on sTLR2, and howeahic status could

impactthe breasmilk components andllergic diseaseutcome 6 nursed infants.

The second subset (n=2422) incladall motherswithin the CHILD cohort,for
which genotyping data were available witfbauson genetic polymorphisma the TLR2
geneA third group (n=262)vascomposed of the mothers that hawathbeen genotyped

and their milk cytokines assessed.
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Analyte concentrations that were 1.5 times higher or lower than the interquartile
range (third quartile minus firgjuartile) were defined as outliers. Omék samplewhich
showed more than eight outliersut of theanalytesmeasuredwvas excluded from the

analysis 299 samples with IMs were further studied

2.2.2.  Milk sampling

According to theCHILD Cohort Study protocolmilk samples were collected
between 12.1 and 26.9 weeks after giving birth (median = 15.4 wéeakspntrol for
variation in milk components dbremilk and hindmilk®**? and diurnal differences®?3
multiple foremilk and hindmilkeeds during day were collected and mixédilk samples
were collected inordinary life behaviars with no strict instructions on sanitization
procedures, stored at@in thehomefridge for less than 24rs before being collected by
staff. Samples weraliquoted and stored eé80°C until the first thaw forhis study. Milk
samples were thawed on the aethe dayof analysisdepleted from lipids by centrifuging
each sample at 10,0@0Cfor 30min at 4°C. Whey fractions were removed and centrifuged

again at 1,00@ for 10min at 4°C to remove any carriever lipids before analysis.

2.2.3.  Milk cytokines, antibodies, growth factors and soluble receptors
The milk components to be measured were selected basadmewmew of the
detectable immune factors in human niitk The analytes that have shown levels below

the lower limit of detection (LLOD) were omitted from further analysis.

A panel of 24 analytes@ble 2-4) was analyzedsing premixed multianalyte kits
according to the manufacturerecommendations and acquired by Luminex 200 {Bio

Rad), with cabration and standard controls.
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Soluble TLR2, Total IgA, TGHb 1 , anbd2 TwW&EF e quantified wu
ELISA (Table 2-4). For sTLR2measurement&LISA plateswere coatedvith purified
mouse monoclonal aAtiuman TLR2capture antibodylH7. This antibodyexhibited
greaterspecificity and higherange of sensitivitjor STLR2 in milk than the commercially
available antibodiesThe 4H7 monoclonal antibgdwas previously generated in Dr.
Thomas | ssekut z 6 sindmicewith ahurnan JLRDtsansfeatechmause s
fibroblast cell line and B cells from these mice used for routine fusion with a plasma cell
line for monoclonal antibody generation. Thd7IgG1 antibodyproducing clone was
selected, following cell fusion steps based on its ability to bind selectively to TLR2
transfected cells but not TLR1, 4 or 6 expressing cells and specificity for TLR2 further
confirmed by both Western blotting and flawytometric analysis of human peripheral
blood mononuclear cells.hE sTLR2 standard and the detection antigousedwere
obtained fromacommercial ELISA kit (R&D Systems). To measure the total 'GE, and
TGFb2, the milk samples were dilutedhat n PBS
room temperature, and then neutralized with 1.2 N NaOH/0.5M HEPES. Samples and
standards were loadeinto precoated ELISA plates according to the manufactsirer
instructions. Analytes interplate variations were adjusted by normalizing the log

transformed concentrations using the following formdla: « of O whereiis
the samplej is the plateg is the normalized logransformed concentration, is the
measured logransformed concentratiot is the mediarof samples for each plate, and

ofis the grand median.

Bovine sTLR2 was measuredaow's milk (homogenizéand skimmed) and baby

formulas (liquid, powder, and hypoallergenic) usirsy commercial ELISA kit
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(MyBioSource,San Diego, CA Three brands in each growpere usedand powder

samplesvere reconstituted based on the manufacgirecommendatiortsefore analysis
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Table 2-4: List of milk IM assessed in our study

Analyte Method

Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex

Luminex

Luminex

Luminex

Luminex

Luminex

Luminex

Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex

Luminex

Manufacturer
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
R&D
ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

Dilution
factor

1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
11

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1
1:1

0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
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Catalogue #

LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM
LXSAHM

EPX070
10818901
EPX070
10818901
EPX070
10818901
EPX070
10818901
EPX070
10818901
EPX070
10818901
EPX070
10818901
PPX09-
MX2W79V
PPX-09-
MX2W79V
PPX-09-
MX2W79V
PPX-09-
MX2W79V
PPX-09-
MX2W79V
PPX-09-
MX2W79V
PPX-09-
MX2W79V
PPX-09-
MX2W79V

Omitted

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Comments

Below LLOD

Below LLOD

Below LLOD

Below LLOD

Below LLOD

Below LLOD

Below LLOD

Below LLOD
Below LLOD

Below LLOD

Above ULOD



Analyte Method Manufacturer g'cltjg:)n Catalogue #

ELISA R&D

ELISA R&D
ELISA R&D
ELISA R&D

LLOD: Lower limit of detection
ULOD: Upper limit of detection

Luminex ThermoFisher 1:10

Luminex ThermoFisher 1:1000
Luminex ThermoFisher 1:1000

ELISA eBioscience 1:10000

1:20
1:2

1:4
1:30
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PPX09-
MX2W79V
EPX016
12283901
EPX010
12250901
88-5060088

DY2616

DY291-05 Yes

We only used the
detection Ab anc
the standard
Below LLOD



2.2.4. Toll-Like Receptor 2 (TLR2) genotype

Mot her 6s genotyping was p@ingfingbuarfam i n c o

Queends UINA voe gesotypingmothers in this studyas acquired during
pregnancy using periphef@bodmonocytesand the SNPs were defined using the CHILD
study protocols and exclusion criterf®®. Using IMPUTE2 software that imputes
genotypes based on th®00 genome project, more than 24 million SNPs of high quality
(> 0.7) were identified. A total of 291 variants in fieR2gene were identifiedncluding

the intronic and 5and 3 untranslated regions (UTRs) in DNA samples obtained from
mothers enroll@ in the CHILD cohort study following informed consent. Out of 291
variants, 32 are commonG:05minor allele frequencyMAF), and 259 are rare variants.
After pruning the 32 variants, 10 passed t[feOR threshold as independent variants.
Sequence infonation was available from 262 mothers out of 299 that were studied for

their milk components.

2.2.5.  Statistical analysisfor human milk study

Statistical analyss were performed using R (version 4.0.2 R foundation for
Statistical Computing) an@raphPad Prism 6 (GraphPad Software, La Jolla, Si\jlata
are presented as a median with the minirmaximum range since they were not normally
distributed.A single milk samplewith more thanten outliers in different analytes was
omitted from the analysis. Outliers were identified as three times the interquartile range
(IQR) above or below first and third quartiles, respectively-83DR, Q3+3*IQR).
Pearson's test wasnducted to examinmrrelation coefficients between lognsformed
cytokines. The relationship between the concentration of milk cytokines and other
categorical variables in mothers and infants was assessed using unadjusted linear
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regression and followeeby false discovery rate (FDRo adjust for multiple testingAll of

the statistical tests were tvaided withp-v al ues < 0. 05 were regard
FDR-adjustedp-v a |l ue s <coridektd sigreficaat The nonparametricruskat

Wallis testwas usedo compare the levels of sSTLR2 between human milk,'somik

brands and baby formulas. Gguare test was used to compareddtegorical variables

when comparing the association betwddrR2 SNPs with maternal allergic diseases.
Statistical aalysis was performed in close consultation with Dr. Meghan Azad and her

staff.
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Chapter 3. Toll-like receptor 2 impacts the development of oral
tolerance in mouse pups via a milkdependent mechanism

The primary contents of this chapter hdaen published under thamse title in the
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3.1. Abstract

Background: The role of breastfeeding in the development of oral tolerance and
allergic diseases is controversial, whiohy be related to variability in milk components.
Toll-like receptor 2 (TLR2) is an innate immune receptor implicated in regulating allergic

diseas development.

Objectives We examined whether deficiency of maternal TLR2 impacts the
normal development of oral tolerance and related immune parameters during lactation in a

mouse model.

Methods: Heterozygous TLRZ pups from WT or TLRZ dams were fed either
by their biological dam or a dam of the alternate genotype. Oral tolerance development to
ovalbumin (OVA), levels of tolerogenic CD103DCs and Tregs and intestinal
permeability were evaluated in these pups [Evels of keyMs in milk from TLR2” and

wild type mothers were also examined.

Results: Heterozygous TLR?Z pups that were born and nursed by TIR#ams
exhibited impaired oral tolerancerhichwas prevented by crog$sstering on to wild type
(TLR2**) dams. Impairments included selective elevation in-@wA IgE in plasma
following immunization, reduced tolerogenic DCs and Tregs in the intestinal tract, and
increased intestinal permeability. TLR2 deficiency also impacted milk content ef IGF

IFN-0 , -6,lahd IL-13.

Conclusion: Our results underline a critical role for TLR2 in regulating milk

components that are essential for oral tolerance development in early life and demonstrate
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the importance of considering the immune status of nursing mathettsdies of immune

development and responses.
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3.2. Introduction

Food allergies commonly affect infants and young children, especially in Western
countries®>. According to the fAwindowodefaryangport u
environmental factors in early life, during early postnatal immune and GIT development,
can impact susceptibility to allergic disead¥’s™ The major source of nutrients in this
period is usually breast milk, which is recommended as an exclusive form of nutrition for
infants for up to 6 months of age, followed &gradual introduction of solid foods, up to
araundoneyear?°33% While there is evidence suppogia protective role for breast milk
in preventing food allergies, there remains substantial controt®&r&yenetic fctors also
play a key role in regulating susceptibility to allergic dise¥8ebut the interactions
between genetics and eatife feeding remain poorly define@reast milk is adlynamic
fluid that changes dramatically from birth until weaning under the influence of multiple
factors including maternajieneticsenvironment, and diet. Several mechanisms have been
suggested through which breast milk can promote oral tolerfficéilk transfers
nutrients, including food antigens tnlerogenic formsalongside immunenodulatory
factors to the infant. These factors include cytokines, growth factolshle receptors,

vitamins, oligosaccharides, and microbiota.

The intestinal immune cells within the gagsociated lymphoid tissues (GALT) are
arranged in organized compartments, such as PP and the MLN, or disseminated in the LP
%61 The GALT encompasses immune cells such as DCs, Tilgscells ILCs,
macrophages, and B cells, subsets of which are critical for tolerance develdfii¥nt
Breast milk factorganinduce toleogenic properties in DC subsets, which sample food
antigens from the intestinal lumen and introduce them to Tregs in the GRLT
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Tolerogenic DCs expresseveral immunomodulatory molecules such as CD103,
indoleamine 2,3lioxygenase (IDO), TGB , retinaldehyde dehydrog
CD80/CD86, programmed cell deathligand (PBL1), and B and Tlymphocyte

attenuator (BTLA)3%3 CD103 DCs continuously sample antigens from the intestinal

lumen, migrate to local lymph nodes, induce the gut homing receptors CCR9 on T cells

104 and promote FOXP3Treg differerniation viaRAand TGFb 1 as weRDL1 as PD
signdling %¢3%8  Antigenspecific Tregs enhanceral tolerance developmerand
subsequentlyeduce class switching of B cells toward IgE secretfSnMilk-derived

factors also enhance the maturation of the intestinal batfferncreased intestinal
permeability is considered a potential risk factor for food allergy developifte@enetic

variations including SNPs inmmunoregulatorygenes can affect the composition of

human and dairy milk’’2375 However, the impact of geneticaltyediated milk
composition changesn the establishment of oral tolerance has resnbpreviously

reported.

The pattern recognition receptor, FbKke receptor2 (TLR2), regulatesiM
secretionin response to microbial or endogenous ligands. FhiRBiated responses can
impact multiple immune process#4. It is found in both soluble armkll-boundforms in
seum and breast milk® TLR2 deficiency in adult mice does not impair oral tolerance
development, although activation of this receptor promotes IgE and IgA responses to food
antigens®. SNPs inTLR2 in human subjects have been associated with increased
susceptibility to diseases, including atopic dermatitis (AE, asthma®, inflammatory
bowel disease&’, tuberculosis infectiort’” and reactive arthriti$®. Peripheral blood
monocytes from humans with common SNPs in TLR2 have a decreased capacity to
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respondo some TLR2 stimulf®. Such monocytes are also found in human milk and act
as a potent source of cytokirtéd In dairy cattle, SNPs ifiLR2have been associated with
changes in milk component$. We hypothesized that milk from TLR&ficient or control
dams night differ in their ability to enhance oral tolerance development in FLR2
expressing pups. Our data demonstrate a profound impact of milk from-déficBent
versus TLR2expressing feedg dams in regulating oral tolerance development and
intestinal permeability. This was associated with substantial differences in milk cytokine

and growth factor composition between TL:-Bressing and TLR&eficient mice.

3.3.  Results
3.3.1. TLR2* pups crossfostered onto WT dams have significantly less food
sensitizationthan siblings that remain with their biological TLR2”- dam.

The impact of milk from WT or TLR2 dams on the development of oral tolerance
in early life was assessed in genetically identitaR2"") and phenotypically normal pups
by a crosdostering experimentHgure 3-1A). OVA was introduced to the pups for one
week during |l actation either directly by
p u ptdesance theywere immunized and challenged witiV® as indicatedFigure 3-
1A). The lactation period was restricted to 21 days. Pups not exposed to OV gmmang
produced higher anVA IgE, IgA, 1gG1, and IgG2develsin response to subsequent
immunization than thoseceivingOVA orally (Figure 3-1B, 1C, Figure 3-2). However,
pups derived from and nursed by TLR@ms and then exposed to OVA had significantly
higher levels of artDVA IgE in their plasma compared to their siblings nursed by WT
dams P < 0.05). Indeed, pups derived from TLR&ams and nursed by WT dams showed
IgE responses to immunization follavg oral OVA administration comparable to pups
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born and nursed by WT danSigure 3-1B, 1C). However, pups derived from WT dams
and nursedby TLR2" dams after the firs1-3 days of life did not show significantly

different IgE responsdsom their siblings wi remained with their biological dams

In contrast to IgE, aMDVA IgA, 1IgG1 and IgG2a responses were not impacted by
the TLR2status of the feeding damlaternal TR2 genetic status had a loterm impact
on mouse capacity for oral tolerance development, as adult mice derived and nursed by
TLR2" dams also had significantly higher a@tA IgE responses (9.3 + 0.92 ng/ml)
compared to mice that were derived and edrisy WT dams (4.0 £ 1.3 ng/mP € 0.01)
after ingesting OVA for a week, followed ynmunization,and boosting with OVA as
indicated. Exposure to milk from WT dams had a significant impact on promoting food
tolerance in the IgE compartment, during edifly, compared with milk from TLR2

dams, regardless of tie-uteroenvironment.
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Figure 3-1: TLR2*" pups crossfostered onto WT dams have significantly less food
sensitization compared to siblings that remain witttheir biological TLR2- dam.
(A) Schematic othe crossfostering experiment to evaluate WT or TLR2KO milk effect on food

sensitization. (B) Levels of ar®VA IgE in pups that were ingesting OVA directly during
lactation. Data are from four independexperiments with different dams (n=23 in OVA
ingestion groups). (C) Levels of ai®VA IgE in pups nursed by dams that were ingesting OVA
during lactation. Data are from two independent experiments 1t=4 OVA ingestion groups).
Statistical analysizvas per f or meANOMVAyfollowedebyFwasyher 6 s | east
difference (LSD) poshoc test. Bars represent the mean + SEM IgE levEls. 0.05, **P < 0.01.

#P < 0.05, #4P < 0.01, ### < 0.001, #####P < 0.0001, OVA versus pooled data from@¥A
exposure (n=15).
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Figure 3-2: Milk from WT or TLR2 - dams does not alter levels of arDVA IgA,

IgG1, and IgG2a in the pups

ELISA was used to assess the levels of-@MA IgA, 1gG1, and IgG2an pups exposed to OVA

during lactation. Data are from four independent experiments with different damsi&#1DVA

ingestion groups and n=4 in each@d/ A gr oup) . Statistical anal ys
way ANOVA, followedbyFi sher 6s | east s i gn-hociest Banstreprdseritf er en
the mean + SEM. ***P < 0.001, **** P < 0.0001 (IlgG1, OVA versus pooled data from@dA

exposure). # < 0.05 (IgG2a, OVA versus pooled data from@¥A exposure). $ < 0.05 (IgA,

OVA versus pooled data from #idVA exposure).
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3.3.2.  Milk from WT dams support the expansion of tolerogenic DCs and Tregs
in the GALT

Since tolerogenic DC and Tregs can play a crucial role in immune tolerance,
TLR2" pups fed by either Wor TLR2”- dams were assessed for populations of both of
these cell types in the GALT at weaning (21 days) as sho(#igare 3-3A). Tolerogenic
DCs have been characterized in previous studies as-MHTD11¢/CD103 cells 348
Feeding with milk from WT dams significantly increased the number of tolerogenic DCs
in the MLN and the spleen orossfostered pups compared to their biological siblings fed

by TLR2 dams Figure 3-3C, D).

DCs in the intestine are heterogeneous and can be divided into conaemCs
(cDC1 and cDC2) and pDCG% The impact of milk consumption from WT or TLR2lams
on these subsets was determined. The frequency of cDC1, cDC2, andwaBGst
significantly different between pups fed by WT or TI/R8ams(Table 2-2). However,
the levels of tolerogenic CD103 cDC1, characterized as CD4BIHC-
[1"/CD11¢/CD84a/CD24/CD103/ CD11b cells Figure 3-3B), were significantly higher
in the MLN and spleen of Wiursed pupsHigure 3-3E, F) and such cells exessed
higher levels of IDORigure 3-3G) in these mice. Furthermore, the impact of feeding WT
milk on the expansion of tolerogenic cDC1, most notably in the MLN,alsasobserved

at day 15 during the period when antigen was introduéigdife 3-4A, B).

Tregs were evaluated based on the percentage ofCD&/CD25/FOXP3J cells
out of viable CD45leukocytes Figure 3-5A). Pups derived from TLR2 dams but nursed
by WT dams had substantially more Treg cells in the PPs and Ntawsdidthe siblings

that were not crosfostered at weanin@Figure 3-5B, C) and to a lesser degree in the
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spleen(Figure 3-5D). Unlike CD103 cDC1,Treg levels at day 1&ere not influenced by
milk from WT or TLR2" dams Figure 3-6), suggestinghat expansion of tolerogenic

CD103 cDC1 in the MLN could drive the later expansion of Tregs.

We also investigated the levels of T helper cell subsets and ILCs, which could play
an important role ifood allergy susceptibijt Our results have shown that frequencies of
Thl, Th2, or Thl7, as well as ILC2 and ILC3, were not significantly different between
pups born to WT or TLR2 dams(Table 2-2). Collectively, this indicates that milk from
WT dams promotes an increasetolerogenic CD103cDC1 that express high levels of

IDO, which promotes the expansion of Tregs in the GALT
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Figure 3-3: Milk from WT dams support the expansion of tolerogenic DCs in MLN

and spleen

(A) Schematic of crostostering experiment to evaluate the role of maternal TLR2 during lactation
on tolerogenic DCs, Tregs, and intestinal permeability. (B) Representative flow cytometry plots of
gating on tolerogenic DCs. (C, D) Frequency of tolerog&id 03 DCs in MLN and spleen out

of MHC-11*/CD11c¢ cells or within the cDC1 subset (E and F). Data are from two independent
experiments (n=8 in each group). (G) The expression of mMRNA lido was determined in
purified CD103+ cDC1 cells from the MLN of WT or TLRzhursed pups (n=8 and each point

is derived from a pool of two MLNSs). Statistical analysis was performed byvageANOVA
followed byF i s h e r 6 shod.t&andpghe bars repsent mean + SEMP*< 0.05, ***P <
0.001, ****P < 0.0001.
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Figure 3-4: Milk from WT dams support the expansion of tolerogenic CD103cDC1

in MLN at day 15 after birth .

(A, B) Frequency of tolerogenic CD108DC1 in MLN and spleen out of MHO*/CD11c¢ cells.
Data are from two independent experiments (6= each group). Statistical analysis was
perfor med ANQVAdalevedbpFyi s h e r 6 shodtestDBars eprdsent the mean
+ SEM. *P < 0.05, *P < 0.01. BM= birth mother. NM=nursing mother.
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PP, and spleen (gated on CD@D4", CD25 and FOXP3 cells) out of viable CD45cells. Data
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3.3.3. Pups bornto TLR27 dams and nursed by WT dams have decreased
intestinal permeability

Intestinal permeability is an important factor in the development of oral tolerance
371 Intestinal mairationoccursclose to weaning in rodents, whitehumansit normally
occurs earlief®®. The passage of inappropriately digested antigens via more permeable
intestinal epithelial barrier might predisposefood sensitizatio®>1%3 Therefore, we
tested intestinal permeabilityn pups to determine if it was impacted by the TLR2
expressiorof the nursing damBy monitoring FITC-Dextran absgition from the small
intestine 2 hourafteringestion, we found that thmups born andursed by TLRZ dams
had significantly higher intestinal permeability at the time of weaning compared to their
siblings nursed by WT damFigure 3-7). This implicategarly exposure to colostrum and
milk from WT dams as having a different impactpromotingintestinal barrier irggrity

than milk fromTLR2”- dams.
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Figure 3-7. Pups born to TLR2" mothers but nursed by WT mice have decreased
intestinal permeability

The leves$ of FITC-Dextran in the serum of pups nursed by WT or TLR2ms verequantified

Data are from two independent experiments (8=1 . Statistical anal ysi s
way ANOVA followed byF i s h e r 6 shodteStDBans eprasent the mean + SERK 0.05,

** P <0.01.
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3.3.4.  Milk from TLR2 7 dams has lower levels of IE6, IL-13,IFN-o, an-l | GF
Given the different oral tolerance development outcomes of nursing*flgfRps
by WT and TLRZ" dams, we investigated the levels of key immune modulatory factors in
mouse milk, including cytokines, growth factors, slgA, and soluble TLR2 that influence
oral tolerance development. Using a multiplex assay, we observed that milk from WT dams
had signifcantly higher levels of IFRd  a n@laftdr dayfive, IL-13, and IGFL at day
tencompared to milk from TLR2 dams. These differences were most notable at later time
points preweaning(Figure 3-8). Levels of IL-4, total IgA, TGFb 1, armd® ™WeHF e not
significantly different between TLR2and WT damsHKigure 3-8). Levels of IL-10 and
soluble TLR2 in mouse milk were below the limit of detection of our current assays.
Differences in multiple regulatory factors in milk taken from WT and TLRams might
provide one explanation for altered tolerance induction, regulatory cellgimmd and

intestinal permeability in pups nursed by them.
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Figure 3-8: Mouse milk from TLR2”-mothers has lower levels of IL6, IL-13, IFN-9,

and IGF-1

Mouse milk was collected at days 1, 5, and 10 after giving Birthultiplex immune assay
measured the levels of &, IFN-0 , -6,I1L:13, IGF1, and IL-10. ELISA measured total IgA,
TGFb 1, a AERThE Gudent's t was tised for statistical analysis at every timepoint. The
bars represent the mean + SEN®.< 0.05, **P < 0.01.
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3.3.5. IGF-1 and IL-6 impacts the expansion of tolerogenic cDC1 and Tregs

To further investigate the mechanism whereby milk components from vpiéd ty
dams enhanced tolerogenic cDC and Treg populations associated with tolerance, we
supplementetheneonatal rousedietwith IGF or IL-6. These cytokines have been shown
to modify oral tolerance mechanisms and were reduced in the milk from”THR®s.
Heterozygote pups born from TLRXMams remained wittheir birth mother and were
divided intothreegroups that were gavaged with IGFIL-6, or PBS, respectively, every
second day from dapur until weaning on day 2@Figure 3-9A). IGF-1 supplementation
was found to increase the populations of CDOI€I3C1 in both the MLN and the spleen
and Tregs in the MLNKigure 3-9B), while IL-6 supplementation had a more restricted
impact in increasing CD10Z%DC1 in the MLN only. Notably, neither IGE nor IL-6
supplementation had any significant impact on small imegiermeability. These data
suggest that IGR and IL-6 are important factors in milk from wild type mice and
relatively deficient in TLRZ derived milk that can impact oral tolerariog expanding

tolerogenic DCs and subsequently Tregs.
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Figure 3-9: Supplementation of IGF1 and IL-6 enhances levels of tolerogenic DCs
and Tregs

(A) Schematic of supplementation experiment. (B, C) Levels of CD&D&1 and Tregs in the
MLN. (D, E) Levels of CD103cDC1 and Tregs ithe spleen. Statistical analysis was performed
by o nANOWA fpllowed byFi s h e r 6 shodtestDBans eprdsent the mean + SHRM. *
<0.05, *P < 0.01, IGF1 or IL-6 vs PBS.
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3.4. Discussion

In mice, the development of oral tolerance in geneticallytidainTLR2"" litters
was found to be highly dependent on the nul
the impact of milk from WT or TLR2 dams on tolerance towards ingested antigens,
provideddirectly to pups omaternal milk®8%, Although, the antigens in the maternal milk
are delivered in more tolerogenic forifS, both intat and milkderived OVAinduced
oral toleranceHowevey t he | evel s of tol erance observe
genotype. Exposure to OVA was sufficient to protect pups dostered with WT dams
compared to their siblings that remain with theimlogical TLR2" dams against food
sensitization, marked by a selective reduction of -@MA IgE. These findings
demonstrate that thieeding dam's innate immune status can define the extent of later
immune responses in the pups, etbaughthey are genotypically normal. To our
knowledge, the ability of a maternal innate immune deficiency to modify later immune
responses in normal offspring, via a milkpendent mechanism, has not been previously
reported. However, profound immunoglobulin deficienmydams has been reported to

impair early immunoglobulin responses in normal pifps

This work has important implications fmterpreting and designirgjudies of mice
with deficiencies in TLR2 and related immunoregulatory molecules. Itéas generally
assumed thathe mouseimmune phenotyp is genetically determined and not highly
dependent on thmaternal vs paternal genotyfsem which they are derived. Our studies
demonstrate that thieeding dam's immune statean be critical in defimg the later
i mmune phenotype of Acontrol 0 heterozygous
controversy regarding the role of TLR2 is some models, including multiple scl&®sis
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colitis-associated colorectal cané&3®°and Th1/Th2 inflammatory responsé€%38& The
feedingdam's immune status not usually considered in such studies and may require

further attention.

TLR2 can bind a broad range of microbial or endogenous ligands and induces cells
to respond via secretion of pror antiinflammatory cytokines®. TLR2 is expressed in
mammary epithelial cells and mitkerived cells FEigure 3-10). It plays an important role
in mammary gland's normal developmamd ductal tredormation 8. Stimulationof
TLR2 can induce ectodomain shedding, which can be detected as several soluble isoforms
in human luids, such as saliva, plasma, and breast milk and act as a decoy ré&t&ptor
Levds of sSTLR2 in human milk have been related to infant susceptibility to viral infection
3% Notably, unlike the substantial levels of sSTLR2 reported in human fitkvels of
STLR2 in mouse milk were below the sensitivity of current assay systems and could not be

reliably evaluated using either Western blot or commercial ELISA reagents.

At birth, the digestive and immune systems are immatherefore, exposure to
breast milk plays a significant role in maturatiSh Critical to the development of oral
tolerance are local dendritic cell populatidfs Among several DC subsets, the frequency
of tolerogenic CD103cDC1 was substantially induced by the milk from WT dams with
an increase inDO expression Generally, CD103tolerogenic DCs exhibit regulatory
responses, promoifigeg expansiomand play a unique role in inducing homing molecules
on Tregs in the MLN, which enable these cells to migrate to other sites in the
gastrointestinal tracincluding PP and LP to induce tolerart€&348:393:394 According to
Yamazakiet al 3%, CD8" DCs (cDC1) are stronger inducer of Tregs than other DC subsets.

IncreasedDO expressioty the tolerogenic DCs from mice fed by wildtype mothers could
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enhance Tregs expansion. Inhibition of IDOvivo significantly affects the development

of antigenspecific Tregs in the gdt®.

Consistently, we found a higher frequency of tolerogenic DCs in the MLN
associated with increasddeg levelswithin the MLN and the PP in TLR2 pups nursed
by WT dams compared to those nursed by TLRAms. Tregsan directly inhibit class
switching of B cells towards IgE and induce IgA production, which has a protective role
in food allergy*°®*%7 The enhanced regutay milieu, marked by higher tolerogenic DCs
and Tregs levels, might contribute tlee observed ability of puped by WT dams to

develop effective oral tolerance.

The homeostasis and proper development of the intestinal barrier are critical for the
estabishment of oral tolerance. Although the impact of intestinal epithelial integrity on the
development of food allergy is not well defined experimentally, it remains classified as a
risk factor for allergy developmenrt®. TLR2*" pups crosdostered onto WT dams had
significantly less permeable small intestines on dagha siblingsed by a TLR2" dam.
Collectively, our data suggested that the milk from T{:R@others impair appropriate

immune regulation and barrier function development.

Notably,tolerance induction and intestinal permeability in pups born to WT dams
were not robustly affected by the milk from TLR#8ams, which could be attributed to the
early exposure to WT milk during the-3 days after birth and before cresstering as

well asin uterofactors.

Although several cytokines and growth factors were detectable in mouse milk, only

IGF-1, IL-6, IFN-2 a-h3dwere significantly higher in the milk from WT dartisn
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TLR2" dams, most notably at dégnafter birth. These cytokines have pleiotropic etife
which include direct impacts on immunoglobulin responsekTaegs, DCs and intestinal
epithelial cells. Their reduced level in milk from TLRXMams is consistent with a
combined impact in promoting oral tolerance in nursed pups. Variation ofrsikctactors

might be linked to the role of TLR2 on the development of the mammary duct#tree

The link between IGR and TLR2 has not been well studiedwever Bohaceket
al. 3%, showed that TLR2 deficiency decreases the secretion ofLI@&m activated
microglia in the brains of TLR2KO micdGF-1 plays an important role in the normal
development of the immune system and GIT. Importantly, our results indicate that IGF
can significantly increase the levels of tolerogenic CDTB31 in the MLN and the spleen
of the pups that are nursed by TI'R8ams compared to the contrdlso, the levels of
Tregs were significantly increased in the MLN in K&ffed pups. Althouglthe high levels
of tolerogenic DC1 might induce Tregs expansi@1 candirectly stimulatehuman and
mouse Treg proliferatiom vitro andin vivo*°°. Burrin et al showed that supplementation
of IGF-1 in baby formula significantly enhanced small intestinal growth and maturation in
neonatal pigé&®. Furthermore, IGH increased intestinal epithelial and smooth muscle cell
proliferation 49249 and decreasedpoptosis rat in small intestine crypts*®+4% |n
contrast, our results have shown no significant impact of-1Gpplementation on

intestinal integrity.

Similarly, IL -6 supplementatiorof pups that are nursed by TLR2ams improved
thefrequency of CD103 DC1 in the MLN, which could synergize with IGFto boost the
upregulation of these cellk vitro experiments have shown that the splenocytes derived

from WT but not TLRZ" mice were responsive to TLR2 agonists by secretion «f IL
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(Figure 3-11). IL-6 can induce the generation of tolerogenic Q&tro in synergy with
IL-104%8. In contrast to our findings of the inability of-B supplementation to improve
intestinal permeability, Kuhet al 36 reported that I1L67 mice had increased intestinal

permeability and a thinner mucus layer.

IL-13 promotes goblet cgdroliferationin the intestine and mucus production from
these cell§?"4%, This cytokine also promotes colonic wound heafftig °with potential
impacts on barrier function. Although -IL3 traditionally skews the immune response
towards h2 and IgE production, it has been reported that a decreaselBigtoducing
cells in maternal milk predisposes nursed infants to atopic dermdidisever,the

mechanism remains undefin&d.

IFN-o0 has been |l ess well studi ldodvevar,n t he
Prokesoveet al showed that the levels of IFN i n human mi |l k are 1 n\
with allergic disease developmefif. Furthermore, activationf cDC1 (CD8§ DCs) by
IFN-0 i n cID@ axpression and exhibiismproved tolerogenic activity'?#2 The
mechanisms of IFM-mediated suppression of allergic responses might also involve
inhibition of IgE class switch in B cells, suppression of Th2 recruitment add function, and

regulation of allergepresentatiort**.

IL-4, TGFb 1, -BFIGGF and tot al |l gA were al so det
significantly different between TLR2and WT mice. These findings suggest that the
differences we observed in mouse milk cytokine profiles were selective and related to

TLR2 status.
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Collectively, our data demonstrate an important role for TLR2 in modulating milk
composition that impacteral tolerance developmern early life. Likely, the overall
impact of TLR2 expression by dams on oral tolerance is +fadtorial. TLR2 has been
shown to not substantially impact the composition of intestinal microbiota in BALB/c mice
415 peside the long period of ¢musing of WT and TLR2 mice before and throughout
breeding cycles, which suggests that variation in milk composition between WT and TLR2
" could be independent of bacterial sitjimg. However, othetMs in mousemilk might
be subject to changes under the TLR2 effect, such as oligosaccharides, vitamins, and

soluble innate immune receptprequiringfurther investigations.

In conclusion, the role of the maternal innate immune systeonataloral
tolerance durindgactation is not well studied. We have demonstrated that milk from WT
dams promotes oral tolerance when compared with milk from Td€ti2ient dams. Our
observations highlight the importance of genetic aberrations in innate immune receptors in
modulatingmilk composition which might impact susceptibility to allergic responses.
Although our work and methodology focus on TLR2, it coalslo beapplied to other
immune factors and related sidliveg molecules. Further studies of innate immune
regulation in dehing breast milk composition may provide importaatly intervention

opportunitiedor disease prevention.
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Figure 3-10. The leukocytes in the milk of TLR2" dams do not express TLR2
compared to the leukocytes in the milk of WT dams

Milk from WT or TLR2" mice was centrifuged at 300 x and the cell pellets were washed and
stained with FITCantrmouse TLR2 before analysis by flow cytometry to determine TLR2
expression levels. The plots shown are representative of 1 experiment (n=3 in each group).
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Figure 3-11: WT but not TLR2 7 splenocytescan respond to TLR2 agonist in a dose
depending manner

ELISA measured the levels Hf-6 secreted from WT or TLR2splenocytes that were cultured
with PamCSK, for 24 hours at 37°. Data are from a single experiment (n=6 per eacpdintg
Statistical an | ysi s was per ANOVAndotlowed byFoa bewédyg | east
difference (LSD) poshoc test. Bars represent the mean £+ SEM. #* 0.0001.
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Chapter 4. Soluble Toll-Like receptor 2 (sTLR2) levels in breast milk
are associated with selected maternal allergic status and
polymorphisms in TLR 2.
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4.1. Abstract

Background: Solubletoll-like receptor 2 (STLR2)is a biological regulator of
membrane TLR2 activitinked to oral tolerangevhichis highly abundant in human milk.
The factors that impact the levels of sSTLR2 in nmalkdthe development of allergy in
infants are still unknown. In this study, we investigatemune mediator§lMs) in milk,
with an emphasisn sTLR2and commorTLR2 polymorphismdo identify associations

with theallergic digaseusing samples from the Canadian CHICDhort Study

Methods: In a subset of 300 mothers, half of whom had an allergic disease, STLR2
was assessed in milk samples glavith other immune factors using quantitative ELISA
and Luminex. Thénfant allergic status was documented at one year and three years of age
based on medical diagnosis, skin prick testamgl parental questionnairésaternal single

nucleotide polymorphism&NPs)in theTLR2genewere also assessed.

Results The level of STLR2 in human milk was highly variable between mothers
with a median of 68.54 ng/mb{339 ng/ml), which is 2-8.4 times higher than the levels
observed in cow's milk and commercial baby formulas. Two -cading SNPs,
rs56346547 and rs10222800 were significantly associated with decreasedfisVélR2
in milk. Mothers diagnosed with food allergies, but not other allergic diseases, had
substantial} higher levels of STLR2 in their milk, along with IgE and9L Infantswho
were exclusively breastfed Impn-allergic mothersuntil 6 months of age anigh breast
milk sTLR2exhibited increased susceptibility to allergic diseases. Howgngincrease

susceptibilitywasnot observedh partialy breastfed infants
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Conclusion This study demonstrates that the levels of sTLR2 in milk are
associated witmaternal polymorphisms iiLR2and allergic statu€levated sTLR2 in
breast milk may associate withincreased alleiig incidences ininfants if breastfed
exclusively for a prolonged perio&urther work is needed to identify the mechanisms by

which sTLR2 in milk may influencafant allergic development

98



4.2. Introduction

Breast milk is a dynamic fluithat fulfils the newborkhild'sneed for nutrients and
immune components essential for normal development and protection against
environmental and infectious ageft8 Numerousimmune modulators (IMsh breast
milk are significant contributors to hosteferce for infants until tkeir immune system
mature®>*417 Breast milk IMs includénnate and adaptive immune factooften derived
from the mother's immune cells, including cytokines, immunoglobulins, growth factors,
and soluble receptorfs?. After birth, the infant immune system's roaationis influenced
by nutritional, environmental and genetic factors, which can have a kemgn impact
418419 \With breast milk or alternatives being themary source of nutrients during that
window in life, it is reasonabléo believethatsusceptibility to immunenediated diseases,

such as allergy, might be affected by IMs in milk.

Although, for many reasonsbreast milk isrecommended by World Health
Organization(WHO) asthe best exclgive source of nutrienfer infants until the age of
six months®3 its protective effect against allécgliseasés still controversiaf®*42% Some
have reported that breastfeeding is protective against allergy development ir’itf&ts
In contrast, others warned that there is an increased riskdogyain breastfed infants
most notably by atopic mothet&? 265, Such controversgould be attributed to the wide
variation of breast milk componenisfluenced byseveral maternal factors, including
geneticsage diet, health, environment, atattation stagé®*>% One of thdinked factors
to breast milk IM profiles is the allergic status of the mo#iérHowever the impact of
allergy-associated changes in breast milk mediators on the infant predisposition to allergic
diseases has not been well defined.
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Toll-like receptor 2(TLR2), is an innate immun@attern recognition receptor
expressed in the mammary glaffd and multiple immune cells®72 It regulates the
secretion of severgiro and antinflammatory immune fctors*?Y, some of whichare
observedin breast milk.A feature of TLR2 is that it can be found in a soluble form
produceddue to extracellular domain sheddinghis sTLR2is observedn several body
fluids, including breast milk”-%8where it actsis a decoy repéor with immunomodulatory
functions”®. The level of STLR2 is reported to be elevated in patients with inflammatory
conditions including HIV-1 infections’?, cardiovascular diseas#?, andIBD 423 when
compared to healthy individuals. SNPsthe TLR2 gene hae been associated with
susceptibilityto noncommunicable immuneediated disorders, such as asthffi&,

atopic dermatiti§" 82, IBD, and type 1 diabeté&

Although sTLR2 in breast milk has been investigated in the context of protection
againstinfant inflammatory responses and HIV infectiGi#*? it has not previously been
studied in the context of allergy. In this work, we aim to understand the maternal factors
that influence the expression of milk STLR2 and other IMs using samples from the CHILD

cohortstudyand association with infant allergy
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4.3. Results

Three subsetsf the CHILD cohortwerestudied in this researcfidble 4-1). In
the first subset of 2422 dyads, polymorphismELR2gene were identified. In the second,
allergic disease enrichedsubset of 299 dyads, milk samples collected fromatltargic
and dlergic mothers was analyzed to determine the levels of several immune factors,
including sTLR2. Allergic mothers were defined as having at least one diagnosed allergic
disease prenatally including, food allergy, asthma, skin allergy (e.g. atopic dermatiti
hives), or hay fever. The third group of 262 dyads, is composed of the mothers that were

both genotyped and their milk samples analy&egure 4-1).
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Pregnant women recruited in the CHILD study, n=3455.

A 4

Miscarriage, preterm birth, or congenital anomalies, n=159.

Y

Eligible mothers and infants, n=3296.

A 4

Second subset, Genotyped

Randomly chosen samples, n=300
mothers, n=2422

» Non-allergic mothers/Non allergic infants (n=75)

+ Allergic mothers/Non allergic infants (n=75)
» Non-allergic mothers/Allergic infants (n=75)
+ Allergic mothers/Allergic infants (n=75)

More than 8 outliers in analytes, n=1.

Y

Y
First subset, n=299.

Y

Third subset, Mothers with TLR2 genotype with milk
components measured and other factors, n=262.

Figure 4-1: Flowchart of the study participants
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Table 4-1; Characteristics of the subsets of mothers and infants taken from the CHILD cohort

Dyads with SNPs

Maternal characteristics data

n = 2422

9

7

736 (30.7)
1831 (76.9
2276 (94.9

11 (38.0)
45 (31.1)

365 (15.1)
1798 (74.4)
95 (3.9)

157 (6.5)

536 (22.1)
582 (24.0)
541 (22.3)
763 (31.5)
583 (24.5)
725 (30.5)
202 (8.4)

Ethnicity, n (%)

Prepregnancy BMI, kg/m2 23.19 (18.9 35.9)

@)
1377 (60.5)
497 (21.8)
327 (14.9)

Weight gainduring pregnancyib) [ReiR(EE )

Dyads with IM
n=299

32.58 (25.7- 40.5)

113 (38.5)
94 (32.0)
86 (29.3)
237 (80.8)
284 (95.6)

83 (27.7)
176(58.8)
10 (3.3)

30 (10.0)

106 (35.4)
56 (18.7)
82 (27.4)
55 (18.3)
73 (25.3)
69 (23.9)
15 (5.02)
23.54 (19.1- 35.2)
7(2.3)

174 (59.1)
61 (20.7)

51 (17.3)

30 (12.4- 55)

Dyads with IM and
SNPsn=262

32.5 (25.6- 40.7)

99 (38.5)
82 (31.9)
76(29.5)
205 (79.7)
248 (95.3)

72 (27.4)
153 (58.4)
9 (3.4)

28 (10.6)

93 (35.5)
47 (17.9)
73(27.8)
49 (18.7)
65 (25.6)
60 (23.7)
14 (5.3)
23.44 (19.1- 35.2)
72.7)

153 (59.0)

55 (21.2)

43 (16.6)

30 (13.2- 53.3)

Maternal health conditions, n (%)

Food allergy prenatal 340 (14.1)

495 (20.6)
858 5.65)
773(32.13)
1582 (65.7)

38 (12.7)
58 (19.4)
89 (29.77)
92 (30.77)
169 (56.5)

35 (13.3)
50 (19.0)
76 (29.01)
82 (31.3)

145 (55.3)

Birth and infant characteristics

Cesarean delivery, (%) 598 (2)
Sex, malen (%) 1273 (52.5)

Birth weight, g

3436(2660- 4265.2)

74 (25.0)
164 (54.8)
3428 (2710 4326)

58 (22.3)
143 (54.5)
3438 (2710 4323.8)

Breastfeeding characteristics at sample collection

15.07 (11.4 28.1)

Breastfeeding duration, months |k N(eRsE9222))
S VWVEN JCER LT [o eI FCAMM 1455 (60.75)

SVIVERJCERCEL N KCH M 431 (18.4)
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15.43 (12.1 26.9)
12 (5- 24)

204 (68.2)

60 (20.2)

15.43 (12.1 26.2)
12 (5- 24)

185 (70.6)

54 (20.7)



Dyads with SNPs

Maternal characteristics data Dyad§W|th L SR _IM ald
. n=299 SNPs n=262
n=2422
579 (23.9) 81 (27.1) 71(27.1)
650 (26.9) 80 (26.8) 71(27.1)
602 (24.9) 75 (25.1) 64 (24.4)
586 (24.2) 62 (20.8) 56 (21.3)
1105 (48.92) 160 (54.79) 147(56.76)
667 (29.53) 75 (25.68) 62 (23.94)
207 (9.16) 32 (10.96) 30 (11.58)
280 (12.39) 25 (8.56) 20 (7.72)
431 (18.48) 60 (20.27) 54 (20.69)
1372 (58.83) 214 (72.3) 186(71.26)
529 (22.68) 22 (7.43) 21 (8.05)

WT 927 (38.29)
Het 1140 (47.09)
Hom 354 (14.62)
WT 633 (26.15)
Het 1180 (48.74)
Hom 608 (25.11)
WT 1060 (43.78)
Het 1076 (44.44)
Hom 285 (11.77)
WT 1878 (77.57)
Het 491 (20.28)
Hom 52 (2.15)

WT 1626 (67.16)
Het 710 (29.33)
Hom 85 (3.51)

WT 908 (37.51)
Het 1151 (47.54)
Hom 362 (14.95)
WT 1719 (71)

rs56346547

rs4696480

rs10222800

rs1898831

rs1898832

rs13123230

Same as the third
group

TLR2SNPs

WT 114 (43.51)
Het 115 (43.89)
Hom 33 (12.6)

WT 68 (25.95)
Het 115 (43.89)
Hom 79 (30.15)
WT 121 (46.18)
Het 112 (42.75)
Hom 29 (11.07)
WT 208 (79.39)
Het 50 (19.08)
Hom 4 (1.53)

WT 159 (60.69)
Het 91 (34.73)
Hom 12 (4.58)

WT 108 (41.22)
Het 107 (40.84)
Hom 47 (17.94)
WT 197 (75.19)

rs1439164 Het 617 (25.49) = Het 55 (20.99)
Hom 85 (3.51) Hom 10 (3.82)
WT 1672 (69.06) WT 191 (72.9)

rs62323856 Het 659 (27.22) = Het 67 (25.57)
Hom 90(3.72) Hom 4 (1.53)
WT 797 (32.92) WT 91 (34.73)

rs3804099 Het 1187 (49.03)
Hom 437 (18.05)
WT 1990 (82.2)
Het 397 (16.4)

Hom 34 (1.4)

rs3804100

Het 130 (49.62)
Hom 41 (15.65)
WT 205(78.24)
Het 50 (19.08)
Hom 7 (2.67)

Values are n (%) for categorical variables, medians 5% range)Maternal atopy includes hay fever, skin
allergies, or aeroallergen, drug, insect, food, pet, or other allergies at milk coll&tdii@nnal prepregnancy

BMI (in kg/m2) was calculated from measured height andregibrted pregpregnancy weight, and it was
classified as underweight (<18.5), average weight (18.5 to <25.0), overweight (25.0 to <30.0), and obese
(030.0) .

IM : Immunomodulatrs. Bfs: Breastmilk only BFs: Breastmilk & baby formulaBfS: Breastmilk &solid
food.BFS: Breastmilk &baby formula& solid food
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4.3.1. Human milk IM sranges and correlations
Out ofthe39milk IMs analyed in our researc8 of themwerewithin theranges
of detectiorfor our assayswith the IgAthe most abundant (median ~600 pg/ml) and IL

6 the least (median of ~ 4.9 pg/r{iNable 4-2).

RegardingsTLR2, the raige wasbetween5-339 ng/ml (median of ~ 68 ng/ml)
which makes it one of thmost variablemilk IM between mothers our study(Table 4-
2). Levels of TGFb 1CX3CL1, CCL22, CCL5, TGFb 2 , and CD14, mo s t
derived from monocytes and macrophages, were highly positively correlated with STLR2
(correlation coefficients = 0.57, 0.5, 0.46, 0.43, 0.39, and 0.37, respectrigiy)d 4-2).
This correlationis consistent with reports that monocytes are the primary source of sSTLR2
in milk, in additionto mammary epithelial cell® "2 The levels of STLR2 in human milk
were 2.4to 3.4 times higher thathe levels of bovine sSTLR2 detected omumercialbaby
formulas and 2.8 times higher than the levelstectedn skimmed or homogered cows

milk (Figure 4-3).

IgE, which is a key functionahediator of allergic diseases, is detectable in human
milk (median of ~207 pg/ml), with a rang®3,8449196.69 pg/mlandexhibited a trend
towards beinglevatedn allergic mothersK = 0.051) Table 4-2) (Figure 4-4). The levels
of STLR2 and IgE in milk were not correlated in healthy or allergic motkegsire 4-2B,

C). The top IMs positively correlated with IgE levels in milk were 1gG4 and IgG2
(correlation coefficients = 0.4 and 0.37, respectivéhgure 4-2A). In contrast, IgG3 was
significantly lower in the milk of allergic mother® (= 0.012) with a range200.17

6258.57 ng/m) in our cohortTable 4-2) (Figure 4-4B).
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Table 4-2: Concentrations and range ® in breast milk in the CHILD cohort study.

Healthy Mothers Allergic Mothers Fold Unit P-Value
Median (Range) Median (Range) change
614.56 (463.38100.4) 595.42 (173.54 17.9 pg/ml 0.641
2346.1)

308.8 (248.821645.13) 306.82(82.381047.5) 20 = 0.959

lm_ 17.74 (10.48144.26) 17.91 (2.26116.48) 63.8 = 0.997

9.36 (6.4190.81) 9.14 (1.8246.15) 49.9 = 0.328

6.57 (5.5223.1) 6.49 (2.1617.39) 10.7 = 0.366

3.3 (2.6533.6) 3.22 (0.9521.56) 35.4 = 0.466

817.96 (584.6%6258.57) 717.77 (200.17 31.3 ng/ml 0.012*
3753.58)

588.53 (411.98887.33) 574.04 (136.06 65.3 = 0.865
7204.65)

73.93 (61.6871.54) 73.1 (30.19295.83) 9.8 = 0.654

66.44 (49.4986.59) 68.71 6-339.03) 1614.4 = 0.317

39.27 (33.39115.88) 39.99 (19.191.13) 6.1 = 0.788

2.04 (1.438.7) 2.04 (0.529.03) 17.4 = 0.423

1.93 (1.2278.75) 2 (0.2438.96) 328.1 = 0.548

1.71 (1.377.6) 1.7 (0.520.9) 418 = 0.692

1(0.6334.04) 1.04 (0.1425.82) 243.1 = 0.925

571.92 (421.88428.72) 586.01 (9.262263.42)  370.3 pg/ml  0.403

331.1 (159.831599.84) 347.41 (71.47 354.1 = 0.47
25305.42)

321.76 (265.39.077.47) 323(127.741396.42) 10.9 = 0.95

315.06 (224.18979.47) 312.95 (80.441 94.8 = 0.787
7622.17)

196.65 (146.3£2803.3) 212.74 (53.84 913.8 — 0.051 ~
49196.69)

CX3CL1 169.12 (110.8636.62) 171.2 (40.68953.97) 235 = 0.605
57.21 (40.6356.1) 59 (21.57515.44) 23.9 = 0.619
43.59 (38.14268.63) 43.98 (26.251842.02)  70.2 — 0.114
35.85 (28.68198.79) 35.85 (4.3783.19) 455 = 0.9
26.69 (17.71161.98) 27.92 (0.511386.51)  2718.7 — 0.996
6.36(5.17-116.15) 6.36 (0.13307.11) 2362.4 = 0.53
6.5 (5.3428.55) 6.32 (1.4776.68) 52.2 — 0.848

IL-6 4.91 (4.04116.76) 4.91 (1.54132.84) 86.3 = 0.991

The median concentration of IM in milk from natiergic and allergic mothers sorted based on
thar abundanceThe range is defined lfyninimumto maximun) values detected.

GRO: Growthregulated oncogen®IDC: Macrophagaderived chemokineMCP-1: monocyte
chemoattractant proteih IP-10: Interferon gamménduced protein 10.

*P<0.05.~P<0.1
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Figure 4-2: Correlation matrix of human milk IM s

Correlation coefficients of logransformed concentrations of human milk IM i) (all of the

mothers (n = 299),B) nonallergic mothers (n = 150)C{ allergc mothers (n = 149), andj
foodal | ergi ¢ mothers (n = 38). Pearsonb6s correla
with * indicating a significant correlation whéhvalue < 0.05.
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Cytokine correlation in all mothers
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Cytokine correlation in allergic mothers
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Figure 4-3: sSTLR2 concentrations in human breast milk cow's milk and baby

formulas

The level of sTLR2vasmeasured by ELISA in Human milk (n=299), liquid baby formula (n=6),
reconstituted powder baby formula (n=4), hypoallergenic baby formula (n=6), skimmed cow's milk
reconstituted from powder (n=6), and homogenized cow's milk (n=6). Commercial baby formulas
and cow's milk were measured frori32manufacturers for each type. Statistical analysis was
performed by a nonparametric test (KrusWédllis test) to compare all other groups to human milk.
Each box is defined by 25% and 75% quatrtiles, with the meditcated; whiskers represent the
range.*PO 0. 01 POafdO0DN*

112



Figure 4-4 The concentrations of milk IM

Milk IM measured in pg/ml (A), ng/ml (B), and pg/ml (C). Each box is defined by 25% and 75%
quartiles, with themedian indicated; whiskers represent the range. Statistical analysis was
performed by a honparametric telstanWhitney test. * P <0.05.
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4.3.2. The maternal determinants of human milksTLR2 and other IMs

The impact of maternal factors (allergic diseases, age, BMI, ethnicity, parity),
environmental factors (Site, smoking, education, pets, seasons of milk collection), and
infant factors (sex, birthweight, and feeding type) on miKkTLR2 and other IM was
investigated.Interestingly, sTLR2was shown to be increased in the milk of mothers
diagnosed wittafood allergy prenatally in the unadgted analysisR = 0.031) andut did
not reach satistical significance in fAlBR adjusted multiple comparisefi = 0.153nlong
with IgE and IL-9 (Table 4-3). Levels of sTLR2 weranot elevatd in other types of
allergies, such aatopic dermatitis, which wasositivelyassociated with food allergieB (
< 0.00) (Figure 4-5A), indicating that a potential increase in milk STLR2 was selective

for thefood allergygroup

IgE in milk wasalso increased in mothers diagnosed witbod allergy, asthma
and hay fever prenatalip the raw and adjusted multiple comaris (Figure 4-5A, B).
In contrast, milk IgG3 was significantly decreased in mothers with skin allergies, atopy,

and hay feverKigure 4-5A, B).

Although sTLR2 has shown not to be affected by the mother's ethrttigr Vs
were associated with certain rac@sgure 4-5A, B). Notably, the mothers of Asian
ethnicity had an array of increased IMs in their milk compared with Caucasian women,
including the immunoglobulins (IgE, 1gG1, 19G2, 19G3, 1gG4, and IgMyvelt as other
IMs (Figure 4-5A, B), supporting the impact of genetics on milk components. When
mothers were considered a single cohort, STLR2 levels in breast milknatecerrelated

with the mother's age, BMI, city of residence, smoking, or education. They were also not
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influenced by the infant sex, lactation stage, and feeding style, contrasting with some other

breast milk IMs.
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Table 4-3: The association between maternal allergy and sTLR2 in milk

Food Allergy (vs. no allergy) 0.319 0.032(%) 0.153
Asthma (vs. no allergy) 0.045 0.737 0.737
Hay Fever (vs. no allergy) 0.06 0.58 0.726
Skin (vs. noallergy) 0.126 0.261 0.595
Atopy (vs. no allergy) 0.092 0.357 0.595
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Figure 4-5: Association between milk IM and individual factors

Heat map that represents ré&) and adjuste@B) association of human milk IM with individual
maternal, infants, and environmental factors (n=299). The colors represent the B estimates from a
linear regression model for each IMR < 0.05.~P < 0.05.
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A Univariate Beta Estimates
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B Univariate Beta Estimates: FDR adjusted
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Figure 4-6: Mothers with food allergies have significantly higher levels of STLR2

and IgE in breast milk

The level of STLR2 in breast milk was significantly higher in mothers diagnosed with food allergies
prenatally (h=38tompared to mothers with no allergies (n= 149) (A). The levels ofByE&nd

IL-9 (C) werealso increased in the milk of food allergic mothers (B). Statistical analysis was
performed by a nonparametric test (KrusWédllis test). Each box is defined by%5and 75%
guartiles, with the median inside; whiskers
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4.3.3. Polymorphisms in TLR2 are associated with altered levels 0$TLR2 in
breast milk

Given the wide variation of maternal STLR2 in breast milk betweehensttheir
regulation at the genetic level was investigated; first, by examining the role of
polymorphisms inTLR2 gene on the levels of sTLR2 protein and other iNgnilk.
Sequence information was available fr@®2 mothers out of 299 that were studfed
their milk components.Mothers that were heterozygous for recognizeddR2
polymorphismsexhibited nosignificantdifferences in levels of STLR2 compared to the
WT mothers, but rather higher in certain SNPgure 4-7A), so these groups were
combined for further analysig hree noncoding SNPsys56346547rs10222800 and
rs1439164weresignificantly associated with decreased levels in sTItR2omozygous
motherscompared to theombinedgroup of WI and heterozygous mothdfsgure 4-7B).
However, the frequency of homozygous mothers wsttd39164SNP was low in our

selected cohort, witbnly 3.8%o0bservedTable 4-1) (Table 4-4).

Thers10222800 SNP wasssociatd with decreased Igénd IL-33in the milkin
the raw analysisnly (Figure 4-5). Analysis of milk STLR2 byWestern blodemonstrated
thatmothes with rs56346547 and rs10222800 SNias a similar distribution of isoforms
of sSTLR2in their milk as the W and the heterozymismothers Figure 4-8). Although
rs10222800wnvas associated witbecrease IgE levelsin breastmilk, this SNPwas not
associated withaltered susceptibility to alleng disease in the largeCHILD cohort
analyzed (n = 2422 (Figure 4-9). However,rs1312323ndrs1439164were shown to

associate with a lower incidence of asthma and hay fever, respectively, in tadjnsted
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analysigFigure 4-9). The association betwe@hR2SNPs ananothers’' milk IM changes

is summarzedin (Figure 4-5).
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Table 4-4: Thelevelsof milk STLR2in motherswith TLR2polymorphisms in the CHILD
cohort

Alleles WT Het Hom

rs56346547 A>C  69.71 (53.2792.38) (114) 70.65 (50.75109.7) (115) 59.7 (41.3130.34) (33)
rs4696480 T>A | 68.27 (51.6184.94) (68) 68.92 (51.27109) (115) @ 70.24 (44.997.08) (79)
rs10222800 G>A 68.85(52.185.09) (59) 70.91 (51.2108.4)  (174) 59.7 (39.0479.79) (29)
rs1898831 G>A | 68.78 (51.5295.81) (208) @ 73.78 (50.07109.2) (50) 64.51(52.8379.99) (4)
rs1898832 T>C 67.6 (50.4303.75) (159) 76.61 (56.16109.7) (91) 54.97 (35.7385.29) (12)
rs13123230 A>G 69.02 (47.6895.86) (108) | 69.86 (53.581.15.6) (107) 67.75(52.177.14) (47)
rs1439164 C>T 68.92(52.6295.2) (197) 69.33 (47.63121.1) (55) 60.24 (36.9978.89) (10)
rs62323856 T>C @ 77.98 (50.98112.2) (35) 71.46 (48.22108.5) (67) 81.17 (62.75123.7) (4)
rs3804099 T>C @ 67.75(52.186.43) (91) 71.55 (51.35106) (130) 68.15 (46.3186.19) (41)
rs3804100 T>C | 68.92 (50.8798.63) (205) @ 66.69 (50.7495.44) (50) 83.3(61.78116.3) (7)

The values represent the median of STLR2 levels {25% percentiles) and (number of
mothers) according to tHELR2polymorphisms in the CHILD cohort.
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Figure 4-7: Polymorphisms in the TLR2 gene are associated withltered levels of

STLR2

(A) The levels of sSTLR2 in mothers with zero (WT), one (Het), or two (Hom) alleles of the ten
most common TLR2 SNPs in the CHILD cohort. Statistical analysis was performed by a
nonparametric test (Krusk@Vallis test) (B) The levds of STLR2 in WT/Het mothers combined
compared to Hom mother§wo SNPs, rs56346547 and rs10222800, were associated with a
significant reduction in human milk sTLR2 in homozygous mothers compared to WT and
heterozygous. Statistical analysis was perforiogdh nonparametric approach (Mawhitney

test) Each box is defined by 25% and 75% quatrtiles, with the median inside; whiskers represent
the low and the high valuesP*O 0. 05 . -typd Het: wétdrodygous for SNP. Hom:
Homozygous for SNP.
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Figure 4-8: The isoforms of STLR2, detected in the breast milk of mothers with or
without TLR2 SNPs

Milk samples were normalized based on sTLR2 levels to investigate the qualitative difference in
the sTLR2 variants due to the genetic variation in mothers. Breastvasl tested from mothers
harbouring no, one, or two allelesather rs56346547 or rs10222800 thatreshown to be
associated with decreased levels of STLR2.
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A Association between TLR2 SNPs and Maternal Allergy
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Figure 4-9: Association between TLR2 SNPs anthaternal allergy

Heat map that represents the raw associatiarB2 SNPs with allergic diseases. Colour coding
represents the frequency of increxsed) or decreasgblue) in incideecompared to the control.
Significance was calculated based on-&ifiare analysisP< 0.05. ~P < 0.1
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4.3.4. Breast milk IM sand infant allergy.

Consistent with reports that maternal allergy impacts the development of infant
allergy*?442> we found, in the populatiebased cohort, that mothers diaged with a food
allergy, asthma, hay fever, or skin allergy had an association with increased ratesofénfant
allergies at the ages of 1 and 3 years in both the raw and adjusted affratyses4-10A,

B). Different maternal factors can be linked to this observation pre or postnatally; however,

we focused on breast milk generally and sTLR2 specifically in ouystud

Within the milkanalysed cohort, we found that soriM, such as IgE, were
positively associated with increased rates of allergic diseases in infants in the raw and
adjusted analyseFigure 4-11A, B). In contrast, othdM, such as lactoferrin and CXCLS,
were associated with a protective effect against food allergies at the age of three. These
findings indicate that breast milk may have some risk or beneficial factors that impact
allergy susceptibilit in infants Figure 4-11A, B). However, breast milk STLR2 level was

not shown tanfluenceinfant allergy developmern this analysis categorgTable 4-5).

Some mothers introduce alternatives to breast milk to their infants during the
lactation period, such as baby formulas or solid foods, that might mathfyts’ milk IM
effeds. Thereforefo eliminate the impact of breast milk alternatives and the potential
factors that allergic mothers might have transported to infants prenatally, we sought to
study theeffect of milk IM from nonallergic mothers in exclusively breastfed infants for
at least six months of agdnterestingly the incidencgof asthma, atopic dermatitis, and
atopy at the age of threeerepositively associated with increased levels of sTLR2an
allergic mothers' milkn both the raw and adjusted analyfegure 4-11C, D) (Table 4

5). This effect of STLR2 was not observed in partially breastfed in&traisperiod of six
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months Figure 4-11A, B) (Table 4-5). But instead sCD14, which acts as a-ceceptor
for STLR2 in breast milk® has shown to be associated with a protective effect against

infant atopy at one year of a{feigure 4-12A, B).
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Table 4-5: Theassociation between sTLR2 in milk and infant allergy.

Beta estimate P-Value AdjustedP-Value
Atopy 1y (vs. Healthy) -0.014 0.895 0.903
Atopy 3y (vs. Healthy) 0.131 0.188 0.438
AD 1y (vs. Healthy) 0.088 0.44 0.617
AD 3y (vs. Healthy) 0.185 0.137 0.438
Food allergy 3y (vs. Healthy) 0.017 0.903 0.903
Rhinitis 3y (vs. Healthy) 0.172 0.357 0.617
Asthma 3y (vs. Healthy) 0.238 0.173 0.438
sTLR2 in Milk and Allergy in Exclusively Breastigdnts for 6m by Healthy Moms
Atopy 1y (vs. Healthy) 0.761 0.066(~) 0.115
Atopy 3y (vs. Healthy) 0.968 0.007(*) 0.024(*)
AD 1y (vs. Healthy) 0.698 0.13 0.182
AD 3y (vs. Healthy) 1.136 0.006 (*) 0.024(*)
Food allergy 3y (vs. Healthy) 0.504 0.428 0.428
Rhinitis 3y (vs. Healthy) 0.554 0.267 0.311
Asthma 3y (vs. Healthy) 1.547 0.041 () 0.096(~)
sTLR2 in Milk and Allergy martialy Breastfed Infants for 6m by Healthy Moms
Atopy 1y (vs. Healthy) -0.308 0.139 0.848
Atopy 3y (vsHealthy) 0.062 0.754 0.848
AD 1y (vs. Healthy) -0.086 0.727 0.848
AD 3y (vs. Healthy) -0.141 0.616 0.848
Food allergy 3y (vs. Healthy) -0.221 0.461 0.848
Rhinitis 3y (vs. Healthy) -0.078 0.848 0.848
Asthma 3y (vs. Healthy) 0.291 0.439 0.848
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Association between Maternal Allergy and Infant's Allergy
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Figure 4-10: Association betweematernal and infant allergy in the CHILD cohort

Heat map represent thassociatiorbetween maternal alleygand infant allergy at the agesafe
year andhreeyears of age ithe CHILD cohort studywith raw (A) and FDR corrected (B)
analyseszP < 0.05.~P < 0.1.
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Figure 4-11: Association between milk IMs and infant allergy with exclusive breastfeeding
Heat map represenmilk IM's associatiorwith allergic diseases in infants nursed by all mothers
in the CHILD cohort studjn raw (A) and FDR corrected (B) analysésealthy mothers who
breastfed exclusively for six monthsraw (C) and FDR correcte(D). The colours
represent the B estimatesin a linear regression model for each #®.< 0.05.~P < 0.1.
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