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Abstract

Infections are a major cause of morbidity and mortality in infants and children
world-wide. However, the severity of response of neonatest&awirus RV) infection or
their ability to generatesufficient antibodiesfollowing influenza vaccination can vary
due to immune immaturity and dietary differences. Manipulating the composition of
infant formula, by adding different ingredients, suctb4%,3}g | u ¢ a n ruclepthles )
(NT), andhuman milk oligosaccharidgsiMO) could stimulatethe development of the
neonataimmune and gastrointestinal systenBietaryb Gare able to boost the natural
defene mechanism by stimulating bothnate (Descroix et al. 2006) and adaptive
immune responsg®kramiene et a).2007) NT are conditionally essential for infants,
particularly under stressful conditions, such as durisgaie and rapid growth. Clinical
studies demonstrate that supplemental NT improve immune function, modify the
intestinal microbiota and reduce diarrhea in formula fed infaHfglO contribute tothe
immunomodulatory and immunoprotective actions of humdk. mihus,the objective of
this dissertatiorresearch was tmvestigate how early nutrition influences immune and
gastrointestinal development.

b Ghave been shown to potentiate immune system responses, and it was
hypothesized that orally administerédG woul d boost the neonat
Therefore we evaluated the influence ofifsed yeast (1,3/1,6p-D-glucan [WGP®] on
the development of the intestinal and systemic immune systems in neonatal piglets.
Piglets were fed formula containing O (taf), 1.8, 18 or 90 mg WGP/kg body weight
and vaccinated withuman influenza vaccine (Fluzdig. Piglets were euthanized at 7
or 21 days of age. Piglet weight and formula intake were similar for piglets in each
dietary treatment group. Small intestitength and weight were unaffected by dietary
WGP. In addition, WGP did not affect ileal crypt depth, ileal villus height or ascending
colon cuff depth. Immune parameters analyzed included T cell phenotypes, cytokine
gene expression, and cell prolifeomt @ These were not affected by W&P
supplementation. Overall, the doses of 1.8, 18, and 90 mg (per kg body weight) of
dietaryWGP had no effect on intestinal development or intestinal and systemic immune
development in neonatal piglets. Additionallyietdry WGP did not improve the

antibody response to Fluzdievaccination. We concludghat dietary supplementation
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with WGP is not beneficial for intestinal or immune development in colosteaimfull-
term neonates.

NT and HMO have been shown itmpact epithelial cell growthhowever their
combined effects had not previously been examined. Herein, a fetal epithelial cell line
(FHs74 Int) was used to determine the impact of NT and HMO on intestinal cell
proliferation, apoptosis, necrosis and cell cycl€ells were incubatk with media
containing 2.5% FB&nd noepidermal growth factorHGF) (Control); Fucosytlactose
(FL) mix [85% 2'FL/15% 3'FL], Sialylactose (SLmix [40% 6'SL/10% 3'SL/50% sialic
acid (SA)] or LNnTa t 125, 250, 5000 @ horanldO OWO tehgp/umL 25 (
(43% CMP, 18.5% UMP, 16.4% AMP, and 22.0% GMP) for 24 or 72h. NT alone
significantly increased proliferatiogut did not affect cell cycle or apoptosis/necrosis.
Al | HMO t r e at mé signiicandytdecte®@s@d@roldegation and some were
al so inhibitory mhibitigh ®f0prolideratior iGcbeasedgnithmanger
HMO exposure (72h vs. 24h)When NT and HMO were simultaneously added, NT
reduced the anproliferative effectof HMO. FL mix treatments significantly increased
cells S phase and SL mix and LNnT treatments significantly increased cells in G2/M and
S phases which concomitantly decreased cells in GO/G1 phd®. with NT decreased
the amount of cells in the G2/Mhpse ompared to HMO treatments alonddigher
HMO doses significantly increased the percentage of apoptotic and necrotic cells
compared to control.The percentage of necrotic and apoptotic cells were higher after
24h vs. 72h exposure to HMO. In conchrsi HMO reduced cell proliferatiom vitro
and this effect is partially ameliorated by the presence of NT. It appears that HMO
initially induced apoptosis/necngs which is later evidenced bgell cycle arrest and
decreased proliferation. Further seglare needed to determine whether HMO influence
intestinal cell growthn vivo.

Thus, we evaluated the interaction between chronic NT feeding and acute HMO
treatment within the ileal lumen of both healthy and acutely rotavirus -{iR&gted
piglets. Piglets (n=9 group) were fed formula containing 64 mg NT/L (FF) or 34 m
NT/L (FF+NT) from d2to d21 of age.At d21, a midline laparotomy was performed and
six 10cm loops of ileum were isolatad situ. The following treatments were injected
into the loops media, 2 mg/mL neutral HMO (LNnT), 2 mg/mL acidic HMO mixture



(@HMO: sialic acid (SA), 6'sialyllactose $L), 3'SL, SA or each treatment + SA
dependent OSU strain RV (1 x 1BFU). After 6h, samples were collectedBody
weight, formula intake, jejununvillus length/crypt depth, ileal proliferation, ileal
macrophages and T cell phenotypes were unaffectetietgry NT. Loops treated with
either HMO treatments + RV had lower RV replication, as assessed by NSP4 mRNA
expression, thaRV-treated loop alondleal loops not treated with RV showed no NSP4
expression.There was no difference the mRNA expression of N6 bTNFU CCL2
or IL-1B in ileal mucosa as analyzed by loop or dietary treatmétawever,NT fed
piglets hadsignificantlygreater 11-8 ileal mucosanRNA expression than formula piglets
and aHMO treatment had significantly giexalL.-8 mRNA expression than control loops
Thus, chronic dietary NBnly had minoreffects on the parameters measured, but HMO
decreased NSP4 replication during acute RV infection.

The dissertation comes to a close with a discussion of overall comdusiul
future directions for this work.Future studies are warranted to determine the effect of
these ingredients on the development of the neonatal immune and gastrointestinal

systems.
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Chapter 1

Literature Review

Human breast milk is considered the gold standard nutrition for infants during the
first six months of life, since it contains a diverse complement of factors that cantpro
maturation in the neona(®Valker, 2010) However there is a need to provide safe and
effective alternative forms of nutrition to infants who do not receive breast milk.
Breastfeeding has many protective mechasisand has many positive effeds the
infant thatare not replicated by components in infeormula such as disease prevention
and increased vaccination respofi3erea, 2009) Young infants need adequate lewals
nutrition to support the development dheir gastrointestinal and immune systems.
Manipulating the composition of formula, by addifgnctional ingredients could
improve the development of the immune and rgastestinal systems in formulfed

neonats.

I. Neonatal Immune System

Immunity is comprisedo f t wo O6ar msao, the innate
systems. The innate immune response saras the first line of defense, whereas the
adaptive immune response is initiated after antigen uptake byeanigsenting cells
(APC). In the neonate, the adaptive arm of the immune system is not fully developed, so
the innate immune system is largely responsible for the clearance of foreign antigens.
Although the cells involved with triggering the innate immawsystem are functional in
neonates, they are present at lower levels than g#édliy & Coutts, 2000) Very little
antigen exposure occunis uterg so the immune system of the neonate is naive

immunologically at hith. The development of the immune system is based on

experience, and the exposure to different antigens primes and develops the immune

response.

A. Innate Immunity
The innate immune system is an ancient, evolutioraohserved response that

protecs the host during initial exposure to pathogens. Innate immune responses are
1
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induced by the recognition of bacteria, fungi, or viral replication by granulocytes,
monocytes, macrophages, dendritic cells, and natural killer ¢®lEodi, 2006)
Repetitive structures on these microorganisms are called molessiaciated molecular
patterns (MAMP) and the receptors that recognize MAMPs are pattern recognition
receptors (PRR).

Mammals have tollike receptors (TLR), whiclare a set of PREhat recognize
MAMP. Some TLRact as celsurface receptors, whereas others act intracellularly and
are located in the membranes of endosomes, where they sense pathogens taken into the
cell. Genes corresponding to the 10 TLR genesiftethin humans have also been fully
cloned in piggUenishi & Shinkai, 2009) TLR and nucleotidéinding oligomerization
(NOD) domains play important roles in the recognition of pathatgrived molecules by
the immune system in the immediagarly phase, as well as in the following immune
responses, by causing cytokine production. The early activationa BIF whi ch i s
transcription factor expressed in many cell types after activation by stimuli such as
cytokines, growth factors, and viruses further increases immune responses.

Cytokines are small proteins that are released by different cells in the body, due to
increase of NFeb transcription. Cytokines can act
manners. Thaifferent classes of cytokines include the hematopoietin family, which
includes growth hormones and many interleukins (IL), and the tumor necrosis factor
(TNF) family, including TNFU(Murphy et al, 2008)

B. Neonatal Innate Immune System

The innate immune system does not require immunologic experiefoectmn;
it is functionally immature at birth compared to healthy older children or adwdts et
al.,, 2004) Neonate rely heavily on cytokines and other components of the innate
immune systemdue to the immaturity of thedaptive immune system. The fetal
immune gstem is heavily T helper cell grn2)-biased to avoidoro-inflammatory T
helper cell 1(Tyl)-type alloimmune responses to maternal tissues that could trigger
spontaneous abortion or preterm birth. After birth, the neonate is expobadtévia

which causes the first colonization of the skin and gastrointestinal tract, as foe#iga



antigers from foods High levels of T2-type cytokines and low levels of,ITFtype
cytokines are initially used twounter kis foreign antigeriMurphy et al., 2008)

Neonates not only have lower levels of neutrophils, monocytesA&&@ but
their cells also have decreased function compared to adult (ceNy, 2007) For
example, cord blood monocytes of ftérm human newborns express normal amounts of
TLR, but upon stimulationof TLR 1-7, cells produced1- to 3log lower TNFU
concentrationsccompared to adult peripheral blood monocytes (PBNI®vy et al.,
2004) Other studies have demonstrated neonatal monocytes and macrophages to have
depressed TLR4nediated, NFo Edependent transcription activatighlasegawa et al.,
2003) A proposed mechanism accounting for this impairmenthest the stress
accompanying the birth process increases plasma concentrations of adenosine, an
endognous immunosuppressive purine metabolite. Adenosine can act through adenosine
receptors on neonatal mononuclear cells to induce cyclic adenosine monophosphate
(cd6 AMP) pr odu c tsiTlimmediatechproduction ofiyh cytokines(Levy,
2007 Levy et al., 2006; Philbin & Levy, 2009)In contrast, cord blood monocytes from
full-term human newborns produce a robust TLR8 immune respbasause TLR8
mediatedmolecular pathway in the inflammatory response is uniquely preserved in
human neonatal APQkevy et al, 2006) Other proteins sharing features of their ligand
binding domains with the TLR, are present in the cytosdhe cell. These proteins are
called nucleotidéinding oligomerization (NOD) domaind.ittle is known about NOD

proteinexpression or function in the neonétevy et al., 2006)

C. Adaptive Immunity

The adaptive immune response commencegher when the innate immune
system triggers it owhenantigen accumulates to levels able to activate it. The adaptive
immune system is acquired over time anthediaed by T and B cells. Immature T cells
undergo a selectioprocess in the thymus to remove potentially-sedifctive cells. Less
than 5% of the thymocytes survive this process to be released as functionally mature,
circulating T cells(Jackson & Nazar, 2006)Mature recirculating T cells that have not
encountered their specific antigens aséerred to asiaive T cells. Naive T cellare

categorizedinto two groups, one carries the-ceceptor CD8 on its surface and the other
3



carries the coeceptor CD4. CDS8T cells dfferentiate into CD8 cytotoxic T cells, and

CD4" T cells differentiate intoseveral CD4" regulatory T cellssubtypes These
regulatory T cells include both,T and T2 cells, which are called helper T cells. The
Thl and T2 cells secrete different cimes. Helper T cells activahaive B cells into
antibodyproducing plasma cells. B cells are capable of producing antibodies, which are
able to cause the destruction of extracellular microorganisms. Antibodies protect the
bodyo6s mucos a$and hlood fmra mfectiohytneusradizng pathoges or
causingtheir elimination beforghey aredestructive to the host.

D. NeonatalPiglet Adaptive Immune System

Adaptive immunity begins with processing and presertimgntigers by APCs in
themeset eri c | ymph nodes ( MLN) and Peyeros
with few lymphocytes, and during the first two weeks the intestine becomes populated
with T cells that express CD3urface marker. By-2 weeks of age, piglets CDZ cell
populatbns grow, and low amounts of CD¥ cells are present. CDE cells become
more prominent in older piglets. This CDidias leaves the piglet with aZ'vs. T,1 bias.
Swine also have an unusually high percentage of double positivéQDIB4 T cells
compaed to humasand mice. The percentage of double positive T cells increases as the
piglet ages. These T cells are thoughtrépresenta mature resting population of
lymphocytes which are also referred to as memory céllsckermann & Gaskins, 1996;
Zuckermann & Husmann, 1996)accination is an important component of the adaptive

immune system.

E. Immune Response to/accination

Vaccination is the deliberate induction of adaptive umity to a pathogen by
injecting, inhaling or orally administering a vaccine, which ikileed or attenuated
(nonpathogenic) form of the pathog@durphy et al., 2008) Following vaccination,
antigenspecific artibody productionis induced Immunological memory occurs after
being exposed to an antigen via vaccination, so that the host is able to respond rapidly

when next exposet the pathogen it was vaccinated against.



Breastfeeding and vaccination have bskawn to be the most significant factors
for disease prevention and child surviyBlorea, 2009) Formulafed neonates produce
less robust antibody respges to vaccination than bredst infants(Pabst & Spady,
1990; Sabiov et al, 2009 Pickering et al., 19980gra et al. 1977) Breastfeeding
increases response Yaccinaton relative formula fed infants (Dorea, 2009) Different
vaccineresponsesiave been documentéu breast fed and formulied infants(Hanson
& Silfverdal, 2008; Pabst, 1997) Breastfed infants had significantly higher leveds$
antibodes following vaccination againgtoliovirus, diphtheria, and tetanus toxoid than
did formula fed infant§HahnZoric et al., 1990Q) Breastfed infants also rdincreased
vaccine response to Haemophilus influenza type b (Hib) vaccinedidaiormula fed
infants (Ogra et al., 1977) These positive effects are seen during breastfeeding and
persis following weaning. Infants who weredreastfed for at least 90 daydisplayed
better serological protection against Hib thafants who werenot breastfed as long
(Silfverdal et al. 2007) This protectioncould still be detected a decade later but the
underlying mechanisms are not fully understo@llfverdal et al. 1999) Early
consumption of human mil k may cause funda
system that cause this protectig¢dackson & Nazar, 2006)

Infants in the United States receive seven vaccinations prior to three months of
age. It is important for the neonate to be able to produce adequate amaamtigest
specific antibodies and circulating memory cells specific for antigens in the vaccinations.
Even for breastfed infants the ability to mount an optimal immune response to
vaccination could bepotentially enhanced by dietary supplementatiomn addition,
vaccinationrepresents an ideal model in which to examio@glex immune responses to
different dietary treatmentbecausehie immune response to vaccination depends on the
functional interplay of antigen presenting cells, antigen specific T ehetells,
intracellular cytokine communication and maturation of B cells into antipodgiucing
plasma cells.Therefore, studiethatexamine the effects of dietary supplementation with
immune stimulating compounds on the overall T helper status omttneime system and

on the immune response to vaccination are valuable.



F. Development of Gut Associated Lymphoid Tissue (GALT)

The gut associated | ymphoid tissue (GA
MLN, lamina propria, adenoids, appendix, and tansil The Peyeros p a
organized lymphoid tissues lying in the submucosal layer of the intestinal wall
throughout the small intestine. These ddike follicle-associated epithelial structures
located above aggregates of lymphocytes contain uniquigdyetitiated microfold cells
(M cells) on the surface that monitor luminal antigeiibe antigen is collected by the M
cells through endocytosis or phagocytoaisd then sampled byAPC, macrophages and
dendritic cells. Thes@&PC then present the antigets local T lymphocytes or travel
through the lymphatic system and present the antigemddLtd (Newburg & Walker,

2007)

The intestinal mucosa is in constant contact with the microbiota and antigens from
the diet. The gut actively restrains these factors with both the innate and adaptive
immune system. The innate immune system provides the physical barriers, chemical
barriers, and reactive elements for local cells and cells recruited to a threatened site
(Newburg & Walker, 2007) The gut epithelium creates a tight barrier that separates
luminal antigens and guts microbiota from invading the host and is able to activate the
underlying lymphoid elements.

The TLR are importan components of the GALT and
differentiate between selfand nene | f anti gens. Peyer s pat ¢
birth, but they are not optimally functioning at this time. Exogenous stimuli are needed
to activate the adap#vimmune systenfBrandtzaeg, 2003) The infantds
immune system develops rapidly in the early postnatal period as it comes into contact
with different dietary and microbial antigens in the (Bitandtzaeg, 2003) Components
of both the innate and adaptive immune system enables the infants GALT to discriminate
between antigens with the potential to cause damage and those without. Failure to
regulate tolerance arattive immune responses can lead to diseases such a%laied
allergy, auteimmunity, and inflammatory bowel disorddiselly & Coutts, 2000)



G. Piglet as a Model for Neonatal Immunity Development

The neonatapiglet is a well documented model for the human infant due to
similarities in metabolism, intestinal physiology, nutrient requirements, and immune
developmen{Moughanet al, 1992; Schneider & Satetl969; Wykes et §l1993) The
gastrointestinal and immune systems of neonatal piglets resemble those of human infants
better than other animal models, such as rod&#s et al, 1997; Meurens et a).2012)

Piglets serve as a good animal model for neonatal immunological studies for a number of
reasons: large litters of offspring are able to be reared independently from their mothers;
offspring can be reared on bovine mitlased formula; and piglets have similar
nutritional requirements, digestive systems, gut flora, and respiratory systems to that in
humans, and have cytokines and e mo khonmoldgbs to other mammaButler et

al., 2009)

The piglet is born with virtually no plasma immunoglobulin G (IgG) in part
because the epitheliochorial nature of the porcine placenta prevents transfer of maternal
i mmunogl obul inds, a n d xposuare tp antigens. bThis raakes ¢he o f
piglet highly immunodeficient at birth and dependent on gbstnatalsupply of both
specific and norspecific immune factors present in maternal colostrum and milk for
immune protection during developmg@asking 1995) Absorption of intact IgG from
colostrum is normally complete within the first -28 hours after birth when the
enterocytes of the piglet small intestine cease to transfer intact macromoleculeshacross t

basolateral membrane of the cell, the process being known as gut ¢lesoe, 1973)

Il. Immune System Challenges

Two newer vaccines used in infants include influenza and RV vaccination
(Jacobson, 2009) However even with vaccinations available, both influenza and RV
infect millions of children each year aacke significant causes of morbidity and mortality
in neonaés Our studies utilize an influenza vaccinatiordaRV infection to stimulate

and challenge the immune system of the neonatal piglet.



A. Influenza and Influenza Vaccination
1. Influenza

Influenza is a contagious illnedsat causes severe morbidity and death involving
approximately 5 million peopl worldwide annually. Influenza causes respiratory
syndromes, including otitis media, croup, sepsis, bronchitis, asthma, and pneumonia
(Neuzil & Edwards, 2002) About 20% of children and 5% of adut®rldwide devdop
influenza A or B every yedNicholson et aJ.2003) Young children are more likely to
be infected withinfluenza than older children or adu(fdicholson et al., 208), andcan
spread influenza infection in their households and communities. Children have high rates
of hospitalization for influenzawhich are comparable to the elderly. However it is not
common for death to occur in the young.

Influenza virusis a RNA virus thatbelongs to the Orthomyxovirdae family and
consists of negativeense singlstranded RNA genom@oyama et al., 2007) There
are three types of influenza viruses: A, B, and C, but only types A anduge ca
widespread outbreaks each year. There are then subtypes for each vir(isdaos D,
2009) The ssRNA in influenza virus is recognized by the innate immune system through
TLR7 and retinoic acid inducible gene Both of these recognition pathways lead to the

activation of type 1 interferons and provide resistance to infe@ittbmoheet al, 2009)

2. Influenza Vaccination

Annual nfluenza immunization is advised falt infants betwee®-23 montfs-of-
ageby the Advisory Committee on Immunization Practices (AGIRJendorsed by the
American Academy of Pediatrics and the Amanidcademy of Family Physicians. The
goal isto decrease the number of hospitalizationsctufdren, reduce the incidence of
influenzaassociated acute otitis media, and to protect the elderly and infants less than six
monthsof-age who are too young to be immunized.

Trivalent inactivated influenza vaccine (TIV) contains 3 influenza strams,
type A andonetype B that represent the influenza virugssstlikely to circulate in the
upcoming winter. The TIV has been shown to have limited efficacy in young children
compared to live attenuated influenza vaccine (LAIV) administered the Lng as a

spray Currently LAIV (e.g. Flu Mist, Medmmune, LLC, Gaithersburg, MDis not
8



being advised for children < 24 months of ag¢he United States, because of increased
risk of wheezing postaccination A Multicenter Studyconducted in th&).S. ompared
TIV vs. LAIV and foundthatthe efficacy of LAIVwass uper i or to TIV in ¢
and second yea(Belshe et al., 2000)Belshe and colleagues also conducted a study that
did not show an increase oéwere asthma or wheezing illness in children ag&3 6
months who received either LAIV or TI{Belshe et al., 2007) However, this study
found an increase in hospitalizations in children agdd énonths 180 days aft LAIV
vaccination,but hospitalizationscould not be attributedo a single cause. Therefore
LAIV is still not recommended for young children. It is recommended to give two doses
of vaccine to children <9 years who have not received a previousrdoskerto achieve
adequate antibody respongéieuzil & Englund, 2006) Nationally, 40.7% of children
aged623 months received O1 dos-Q008Fioreienal.,| uenzze
2007)

Concern over the safety of influenza vaccine is seen in the general, @raic
many paents choose not to vaccinate their childf€arun et al. 2010) There have been
concerns that inactivated vaccine might cause asthma in adults and children, but this has
not been proven in clinical studies. Theshoommon adverse events were fever and
local reactiongSmith et al. 2006) TIV contains small amounts of thimerosal (sodium
ethyl mercuy thiosalicylate), which is a preservative. Thimerosal is a vstleible
substance that degrades or metabolizes into ethylmercury (etHg), which is a lipid soluble.
In animal tissues, etHg binds to protein matrices and is excreted through the gut. This
substance has caused concern for some parents but, to date,-affesitdehave been
attributed to thimersdDorea, 2007)

B. Rotavirus and Rotavirus Vaccination
1. Rotavirus

Nearly all children experiencat least oneRV infection by the age of 5 years
(Bernstein, 2009) Rotavirus causes symptoms such as diarrhea, vomiting, andTeeer
incidence of RV infection is similar for developed and developing countriésleadh is
more frequent in developing countriewith more than 600,000 deaths annually

worldwide (Desselberger et al., 2009Yaccination is the main public health intervention
9



to combat RV infection andincee 2006 two vaccines have been approved for use in
many countries, including the United States.

Rotavirus was given its nantie to itswheellike structure (Lat. Rota = wheel).

It is a nonrenveloped, doubtstrandedds) RNA virus that infects maturepithelial cells

of the small intestine. It is composed of 11 segmentds®NA surrounded by three
protein coatgBlutt et al., 2004) The RNA segments encoding RV are made up of six
structural and six nonstructliraroteins (Pesaent et al. 2006) This triple layered
particle is made up of an inner layiat contains VP1, VP2, VP3 and enclosing the
genome, an intermediate layer is made up of VP6, and an outetHayeonsists of VP7
and VP4(Desselberger et al., 2009)

Entry of RV into the intestinal epithelial cell is a complex multistep process in
which several cell molecules are neededpez & Arias, 2006) and wral uptake is
characterized by a sequence of interactions with primary and secondary reteqiers
& Arias, 2004) Once taken into the celljral replication occurs in the cytoplasaof
mature epithelial cells of the small intestine. After removal of the outer caspid from the
triple-layered RV particle by cellular enzymes and a low intracellulsé” Gavel, a
doublelayered particle emerges. This doulagered particle becomes tranptionally
active and large amounts of new RNA molecules are produced.

Rotavirus infection produces a humoral immune response. Intestinal dendritic
cell (DC) numberswere higher in piglets infected with RV comparednmninfected
controls at 2 and days posinfection. Immune response to RV infection is greatest in
lymphoid tissue adjacent to the site of viral replication in the small inteSaié et al.,
1997) In piglets, the @tal numberof intestinal DC wee higher than those spleenand
MLN (Gonzalez et al2010.

During a viral or bacterial infection, the initial cytokines to be produced are the
proinflammatory cytokines, such as-1.. IL-6, IL-8, and TNFU, d &ater the 1
cytokines Il-2 and IFNo ,  a n2 cytolines IR, IL-5, IL-13and IL-10 (Azevedo et
al., 2009. Initially, RV infection elicits inflammatory cytokines from intestinal epithelial
cells that are ectorially secreted from the basolateral surf@ddeCormick et al. 1993)
These includelL-8, monocyte chemotactic protein (MCP-1), and TNFU . The

functional consequences in the intestine of increased loodugtion of theseytokines
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include chemoattraction and activation of immune c@fsllo et al., 1999) Children
who have RV disease have increased serum levels of(ONF6) II-10, and IFNo
compared to noinfected children(Jiang et al., 2003) One study found serum
concentrations ofFN-U, -10 dnd 11-:12 wereincreased in piglets infected with RV on
day 2 and 4 after infectiofGorzalez et al.201Q. Another study founthatgnotobiotic
piglets had increased serum6lon days 1 and 3, IFdl o n day s128ayaln3d 5,
and 10, 1:10 days 1 and 5, and-on days 3 and 5 post infection with RV compared to
controls. Theseasne RVinfected piglets had consistently higher intestinal cytokine
levels of IFNo , -10, IL-4, and IL-6 early at post infection days 3 and&zevedo et aJ.
2006. Another study demonstrated that a piglet $§aed 12 post rotavirus infection had
significantly higher IFNo  t h.an u n i Hulst ettale 2008pTihig indecates that
the secretion of botfT,1 and 1,2 type cytokiness increasedn children and piglets ith
natural RV infection.

Innate immunity has been show to play an important role in controlling RV
infection. Rotavirus infection causes the rapid activaton cbN)- and t he 1 nduc
NF-a Hdirected cytokines, such as-8(Rollo et al., 1999) These cytokines attract and
activate immune cellat the site of infectian Dendritic cells play a crucial role in the
induction of the innate immune response and are the most effidié@f inducing
acquired responsdxsy/ B andT cells (LopezGuerrero et al., 2010)Strong intestinal and
systemic B and T-cell responses are generated against viruRvit(Azevedo et al.
2009. The frequency of intestinal DC (both plasmacytoid and conventional) and
macrophages/ monocytes are higher in Riédtedpiglets compared to controls on days
2 and 4 post infectioiGonzalez et al.201Q. Intestinalmacrophages ithe lamina
propria are derived from blood monocytes and play a unique role as effector cells of the
innate immune system. Resident lamina propria macrophages aneflaonmatory in
the normal intestindout can be used as host defenseéesgsf needed. RV infection in
gnotobiotic pigs showed that infection alone activated/recruited significantly more
monocytes/macrophages in the intestine and spleen 5 days post infeationontrol
gnotobiotic control animals and gnotobiotic pigs cated with lactic acid bacteria
(Zhang et al., 2008) Rotavirus proteins have been detected in macrophages in both

intestinal andextra intestinalymphoid tissuegZhang et al., 2008 Natural killer cells
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also play an important role in the innate defense mechanism of the host aimed at the
elimination of virusinfected cells(Fawaz et aJ.1999) One of the hallmarks of RV
infection is the alEnce of neutrophil infiltratioiRollo et al., 1999)

CD14 monocytes/macrophagese alsohigher inthe ileum and spleenf RV-
infected pigletsompared to noinfected pigles (Zhang et al., 2008)CD14 is a specific
receptor that is expressed on subsets of monocytes and macrofhrigéSzalmas et
al, 1997) Investigation of the differentiation of porcine myeloid bone marrow
hemaobpoieticcell populations suggests that CD14 is a maturadiependent antigen and
study of CD14 expression may be useful for assessment of cell m@Buitymerfield et
al., 2001)

2. Rotavirus Vaccinations

RotaTeq®, developed by Merck (Whitehouse Station, NJ), is based on the
attenuated bovine RV WC3 strain. It is comprised of five m@aassortments in which
the VP7 gene of the WCRYV strainwas replaced by the VP7 genes of human G1, G2,
G3 and G4 straingnd the VP4 gene by another human strain, the other 10 genomic
RNA segments in monassortments by the WC3 strain. &#q®is highly effective in
preventingRV gastroenteritis caused by G1, G2, G3, G4, and G9 stfaiasget al,

2010)

Rotarix® (GlaxoSmithKline; Research Triangle Park, NC) is made from an
attenuated human RV isolate,-82, and is of the G1P1A type. It has also been found to
be highly effective in preventinQV gastroenteritigJiang et al., 2010) This vaccine
provides protection against G2, G3, G4, and G9 strains. Rotavirus vaccination is highly
recommendedby the world health organizatiom both developed and developing
countriegTu et al., 2011)
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lll. Bioactive Ingredients
A. (1,3/1,6}b-D-glucan
1. Origin and Structure

Glucans are a diverse class of glucose polymers that can be short or long,
branched or unbranched, or  isomers, and soluble or particulgi@oodridge et al.
2009) There are many sources of glucans, but fungal cell wall glgicarsglucan with
varying numbers of 1,6 branches are the most common. Common soulgels 3of
glucan G) are yeast§acharomyces cerevisigamushroom, bacteria and seaweed.

BG from all of these sources has been shown to have effects on immune cells
However, it is difficult to make conclusions regarding the impactp@f due to
inconsistencies in the biological respess One potential source of variation seen in
these studies may be the form of bG wutili
sources, and these forms have been shown to have varying tdvéimactivity.

Although the molecular structures of the ivar u s bG chains with b
(1,3/1,6) are highly conserved, the thddmensional structure of the molecule can be
different among organisms and depends on the chain length, branch type, and branch
frequency. The met hodor mgnufastbréedccain alsoGhava e e pr
significant impact on their immune stimulatory activifgohn 1995; Mueller et al.,

2000; Saito et al., 1991 ,e$elid et al, 1981; Willment et aJ.2001) There is also data

that indicates that more waterol ubl e B G pol ymer s imamure mor e
potentiating activity of bG can also depe
presence of hydrophilic groups located on the outside surface loélike Evidence also

suggests that the activity is dependent on the size, with high molecular weight (100,000
200,000) fractions being most active, while fractions from the same source with
molecular weights of 5,0000,000 showed no activit{Blaschek et al.1992 Fabre et

al.,, 1984 Kojima et al. 1986)
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2. Immune Activation

bG belong to a group of Bi ol ogi cal Res
they do not have direct cytotoxic activities, but they are able to boost the natural defense
mechanisms of the host. These microbiaiyived glucan polymers are MAMRat are
recoquized by PRR, which allow the innate immune system to quickly recognize the
presence of glucans, which are originally found in yeast cell walls and therefore seen as
pathogen. There are four PRRh a t r e c og n-1, za@mpldmént receéptoc 8 i n
(CR3), lactosylceramide and scavenger recep{@sodridge et al., 2009) In humans,
the CRS3 receptor is a receptor mediating the physiological functions of yeast (1f3/1,6)
-D-glucan (Baran et al. 2007 Li et al., 2007) CR3 is an integrin dimmer and is
expressed my cells including monocytes, macrophag€s, neutrophils, and natural
killer cells. CR3 has a high affinity f@#G, but can also bindotother carbohydrates
(Goodridge et al., 2009)

Dectinl is the most wellcharacterized3G receptor. Decthl is a type Il
membrane receptor that belongs to thy@e lectin family of receptorsThese recepts
contain an extracellular €rminal Gtype lectin domain, a short stalk region, a single
transmembrane domain, and a short 40 amino acid aminonal intracellular tail. In
mice and pigs, dectifh is expressed on the surface of many organs andagelb on the
cell surface of dendritic cells, leukocytes, monocytes, macrophages, and neutrophils.
Three isoforms of dectit have been reported in the gdigonck et al. 2009)and it is
expressed i n tubdenum,ijemrius, ileumn,colon,adetum, MLN, spleen
and lung. Dectifl signals to a variety of macrophad®C, and neutrophil responses,
including phagocytosis, oxidative burst, neutrophil degranulation, fungal killing, and the
production of inflammatar lipid mediators, cytokines, and chemokines that recruit and
coordinate the activation of other immune céB®odridge et al., 2009)

Uptake of particulate antigenic matter, including microorganisms andneacci
bearing microspheres, by the intestinal mucosa takes place in the domes of-the gut
associated lymphoid tissues and is achieved by membranous (M) cells, which
continuously transport particles from the lumen to the underlying tissue where some

particle canponents initiate immune reactio(Beier & Gebert, 1998)Us i ng Baker 0
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yeastG cerevisia¢ as a tracer, the kinetics of par:H
of pigs was investigate(Beier & Gebert, 1998) Transcytosis of yeast parted by M

cells occurred within 1h. Without significant phagocytosis by intraepithelial
macrophages, the particles migrated down to and across the basal lamina withim 2.5

where theywerequc k| y phagocytosed and transported

3. Physiological Function

A 28-day dietary supplementation wigleastbG improved the humoral immunity
of pigs and modulatkcellular immunity of weanling pigs by mitigating the elevation of
pro-inflammatory cytokines (It6 and TNFU ) and increasing- the p
inflammatory  cytokines (It10) after an immunological challenge with
lipopolysaccharide (LPS)Li et al., 2005) Furthermore, three days of dietary
suppl ement at i exartedwantirhl efipasaagainsswin® influenza virus in
5-day-old piglets while increasingd vel s of | FNo i n t ifJangétr onchi
al.,, 2004) These findings were supported by an -aimfl effect against porcine
reproductive and respiratoigyndromevirus in weanling piggXiao et al, 2004) In
addition, | FNO pr oduct exowvo stimalation anithsbaGini ncr e a
PBMCs isolated from the treated animals. In both studiest al., 2005;Xiao et al.,

2009, y e a 6 administration was associatettiwan upregulation of the {1 cytokine
IFN-O2. |l ndeed, therdpyslalswitehfroln a §2fto abkGresponse.

Previous l'iterature has shown that b G
example, CD4 and CD8 lymphocytes were higher in weangdi gs f edS b G fr
cerevisiaesupplemented diets as compared with pigs fed control @itabn et al.

2006) However, it took eight weeks dietary treatmentor this effect to be detected.
Anotherstudy supplemdardadult micewith b G t r e abtaimesl frdmsculture filtrate

of the fungusSclerotinia sclerotiorum IFO 9395 The mice giverb Gshowed greater

spleen cell proliferationvhen stimulated with T or B cell mitogens than did those from

control mice spleewells (Suzuki et al.1989) | n ot her st akrewsiag bG f
has been shown to enhance the activities of natural killer cells and peritoneal

macrophages, as well as stimulate cytotoxic T lymphocytes, B aslismacrophages in
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mice (Cross et al., 2001) However, these effects were o
cellsin vitro or administered intraperitoneally.

bG seems to hava greateimpact in studie®f disease chllenged animals. In
fact, dietary supplementation with a commercidly ai | abl e bHBG (Ori gi nal
V, Cedar Rapids, IA) improved growth of weaned pigs challengedSeiimonella(Price
et al., 2010) Additionally, WGP® given orally increased the survival rate of mice
infected with anthraxKournikakis et al, 2003) Finally, WGP® has demonstrated
effectiveness by switching a4 response to a protectivgITcellmedated response in
tumorbearing mice when it was given orally and combined with-tamtior monoclonal
antibodiegBaran et al., 2007)

4. Vaccine Effect

bG has demonstrated the ability to incr
the effectiveness of a DNA vaccine against human immunodeficiencyljinusen used
as an adjuvan{(Ara et al., 2001) A number of othestudies however, have shown little
effect of bG supplementation on antibody
instance, yeast bG did not enhance the eff
and respiratory syndrome (PRRS) virkliss & Sauerwein, 2003)or different
Enterotoxinogenid&scherichia coliETEC) antigens(Decuypere et g1.1998) bG from
S. cerevisiasupplemented to piglets vacciadtwith an atrophic rhinitis vaccine actually
produced fewer antigespecific antibodiegHahn et al., 2006)but pigs supplemented
wi t h b % cefevisiaamjected with ovalbumin produced more antibodjeiset al.,
2005) Studies examining whether enter al b C

responses to vaccination are limited.

B. Nucleotides
1. Origin and Structure

Nucleotides (NT) are low molecular weight compounds thatnsist of a
nitrogenous base (purine and pyrimidine bases), a sugar molecule (pentose)3 and 1
phosphate groups. NAre nucleic acid precursors, physiologic mediators, components of

coenzymes, and sources of cellular energy. They are important funcoomabnents of
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human milk and their content in human milk is higher than that of bovine milk, from
which infant formula is made. However, sowlkris much higher inNT content than
human milk. Not only is the total amount different between specieshéuatio of the
individual NT also differ Table 1.1) (Leach et al. 1995 Mateo et al. 2004) For
example, cytidine (42%) is the predominant NT in human milk, whereas in pondikne
uridine comprises ~90% of the total NTable 1.1). This suggests that specizecies
secretory mechanisms may be present. Catabolic enzymes, such as kinases for specific
NT, may have been present during the process of secretion, accumulatiotgragd s
within the mammary glan@Thorell et al, 1996) The NT content of human miik 72

mg/L using the total potentially available nucleosides (TPA&g)jhod ofanalysis(Leach

et al., 1995) Currently, infant formula is fortified with between 20 and 70 mg
nucleotides/L. Nucleotides in milk may originate from two different sources, either
dietary sources or NT synthesized de naithin the mammary glandinterestingly NT

content inhuman milk increases and porcine milk decreases as lactation progresses. This
change may be a response to a changing need for NT by nursing infants or piglets.
However, it is uncertain whether the NT present in milk are secreted in response to a
specific need of the neonate or indirectly result from other metabolic events within the
mammary secretory cell, such as synthesis of lactose, protein, and fat. For instance,
during the synthesis of lactose and sialyllactose, which occurs within Gdgles
50UMP and 506CMP are formed and may theref.
during exocytosigArthur et al, 1991) There is a lack of information on how levels and

composition of NT in the milk are gelated.

2. Immune Activation

Nucleic acid analogs enhance both humoral and cellular immune resfXizses
2009) Metabolites of nucleic acids, namely nucleotides and nucleosidescagmired
by host receptorsILR- 3, 7, § 9 and NODlike receptors (NLRNOD?2) (Ishii & Akira,
2008) Both dsRNA andsRNA are known ligands for TLR. TLR and NIb@ave unique
signaling pathways. TLR 7, 8, 9 stimulate the MyD88 pathway, TLRn3ukttes the
Toll-IL-1 receptordomaincontaining adaptorTRIF) pathway, and NOD2 stimulatéise

NFab pathway. Each signaling pathway resu
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Using, quantitative redime PCR, NOD2 mRNA expression was demonstrated in a
number of tissues from newborn and adult pigs (Tohno et al., 20UBgn piglets were
first born (prior to ingestion of colostrum), NOD2 expression was mainly localized in the
MLN and spleen, but at one yeai-age, NOD2 expression was similar in all tissues
tested, including esophagus, small intestine, Fegki6 patches, colon, MLN ansbleen
(Tohno et al., 2008)

Table 1.1. NucleotideContent (mg/L) and @mposition inHuman andPorcineMilk

Nucleotide Humart Porcine
Colostrum Mature Colostrum Mature
Adenosine 6.9 15.2 13.2 14.2
Cytidine 23.4 337 4.9 7.59
Guanosine 6.9 14.9 17.8 19.8
Uridine 8.58 15.8 1833.5 405.2
Total Nucleotides 45,78 79.6 1869.4 446.8

! Leach, Baxter, Molitor, Ramstack, & Masor, 1995

2 Mateo, Peters, & Stein, 2004

3. Physiological Function

Dietary NT exertvarious physilogical functions andre particulaty important
for the growth and development of tissues with rapid turnover, such as the intestinal
mucosa. The maiforms of NT in human milkare nucleoproteins and nucleic acids,
whereas pure NT are supplemented tanhformula. These are converted by pancreatic
and intestinal nucleases into nucleosides and nucleobases, the preferred forms for
absorption (Schlimme et al. 2000) Transport of nucleosides and bases into the
entgocyte occursvia facilitated diffusion and specific Ndependent carriemediated
mechanismgBronk, 1998) Most are rapidly degraded in the enterocyte and excreted in
urine. In humans, purine nucleotiskaucleosides and bases are degraded to uric acid and
pyrimidines are degraded teaanine andd-aminoisobutyric aci¢Carver 1995)

There ae two NT biosynthetic pathwayde novoand the salvage pathway$he
de novopathway uses small precursors for NT synthesis, whereas the salvage pathway
uses nucleosides and bases resulting from the breakdown of NByothesize nucleic

acids. Dietary NT contribute to the salvage pathvmpproviding preformed ndeosides
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and nitrogenous baseklnder most conditions, endogenous NT are made available to the
intestinal mucosa via hepatic supply and salvage pathwacleotides are possibly of
special importance in the development and proliferation of tissues wittpid cell
turnover such as intestine, bone marrow and lymphocytes.

Nucleotides are considered to be s@ssgential for infants, since the endogenous
synthesigs insufficient to meet their need&xogenous (NT) can optimize function both
by supplyingthe nutrients and by sparing the organism from the cost of synthesizing new
NT, which is a costly proceqtJauy, 1989) Dietary purine and pyrimidine bases are
thought to be largely utilized and degraded by the livereartdrocytes before entry into
the systemic circulation. Up to 5% of oraligministered labeled NT was used for tissue
nucleic acid synthesis in adult mi(®onoda & Tatibana, 197.8)

A beneficial effect BNT on gastointestinalgrowth and function has been shown
in several animal studigtopezNavarro et al., 19960rtega et al. 1995) Pigsfed a
NT-supplemented (500 mg/ diet slowed significant intestinal growthompared to
control pigs(Domeneghin et §l2008 Yu et al., 2002) In addition, NTsupplemented to
cell culture mediaincreased proliferationn intestinal cell lines, CaGa and IEG6
(Holen, 2004)

Peripheral blood mononuclear cells did not proliferate with the addition of NT
alone, but did when cultured with both NT and influenza virus ant{gkten et al.
2005) The impact of NT on the immune system is through a number of pathways,
including lymphocyte activation and proliferation, natural killer cell activity and
macrophage activation, delayedtaneousypersensitivityrejection of alloggeic grafts
and an increased production of other factors that modulate the immune &xgtgett et
al,, 2003 Carver, 1994; Carver, 1999; Grimble & Westwood, 2001; Jyonouchi,; 1994
Van Buren et a).1994)

4. Vaccine Effect

It has beerdocumented that the response to vaccination is greater in-ktheast
formulafed infants (Dorea, 2009) Clinical studies have demonstrated that
supplementation of infant formula witB3-72 mg/L NT improved the vaccination

response relative to infants fed unsupplemented formolagver, theefficacy of NT
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differs based onthe type of vaccine administered and between stu@ekaller et a).
2007) Infants (n=311) fed formula containing 72 mdNT/L had higher Hib and
diphtheriaantibody ttres but not antiboigs topolio than infants fed nesupplemented
formula (Pickering et al., 1998) Schaller and colleagues (2004) demonstrated that NT
supplementation at 72 mg/L significantly improved the raspoof term human infants
(n=477) to poliovirus/N1 vaccination, tended to improve the response to Hib and
diphtheria vaccinations, but did not affect the response to tetanus toxoid vaccination
(Schaller et al., 2004 Lastly, a study with 140 infants reported an increase in antibody
response to tetanus toxoid in infants supplemented with 33.5 mg/L NT, however no
difference was detected in diphtheria toxoid and hepatitis B antib@daskes et al.
2006) The vaccines were delivered at the same dose and according to the schedule
recommended by American Academy of Pediatrics. The magnitude of vaccine response
ranging from 1.31.8 fold changes higher in NT diet compared totoa diet,was similar
in all studieqSchaller et al., 200 Hawkes et al., 2006; Pickering et al., 1998; Schaller et
al., 20@1). Although these studies show inconsistency in which vaccination response is
increased, each study with supplemented NT showed at least one vaccination response
that was significantly increased over reupplemented.

However, the mechanism(s) whereNy increaseghe vaccination response is
still unclear. Modulation of the production of cytokines that impact B cell maturation is
one hypothesized mechanism of increased Ig product#orather mechanism could be
that NT directly stimulate the maturatiand differentiation of B cells that are precursors
to plasma cells.Past research has shown that Ig production is possibly affected by NT
supplementation through,T and T2 cytokine production. For example, feeding-NT
free diets to mice decreasedlTend T,2 cytokine productior{Jyonouchi et al.1996)
Additionally, CD5 protein is expressed by Ig producing B cells, and CD5 expression was
increased in mice with nucleotides in diet, which could explain why Iguotamh is
increasedManzano et al., 200D B cells are stimulated to proliferate by2Tcytokines,
specifically 1.-4 and the CD40 liganddrive the clonal expansion @ cells, which
precedes antibody production. \2Tcytokines, IL5 and IL-6 are also thought to be
involved with later stages of B cell maturation teskecreting plasma cel(§yonouchi et

al., 1996)
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C. Human Milk Oligosaccharides
1. Origin and Structure

Human milk oligosaccharides (HM@ye the third most abundant constituent of
human milk and are found in concentrations of i125 g/L (Coppa et al., 1993
Newburg, 200Q) The composition of oligosaccharides from human milk is unique, and
the HMO concentration imarkedly higher than bovine milfNewburg et al. 2004a)
Around 200 different HND have been identified in human m{Bode, 2009)

The HMO vary in size, structure, and abundaft€eppa et al., 1993) Many
occur in free form, while others are linked to proteor lipids(Hosea et a).2008) The
building blocks of milk oligosaccharides are the five monosaccharidgkiddse, D
galactose, MNacetylglucosamine, -fucose, andSA. Lactose forms the reducing ends of
the HMOand | actose can be fucosyl-2tad-8olth:
linkages to form Z2ucosyllactose(2'FL) and 3fucosyllactose (3'FL), respectively.
Lactose can also be sitlyt ed on t he noBr eachuld6 limggeseib2d i n
form 3sialyllactose(3'SL) and 6Gsialyllactose(6'SL), respectively. More complex HMO
can be made by different combinations of the five monosaccharides listed above. HMO
are synthesized by the glycosyltransfereatlyzed transfer of monosaccharides from
sugar nuaotides toelongatingcarbohydrate structures. Lactose is used as the basis for
the synthesis of larger and more complex structures. These larger structures are
synthesized by fucosyltransferases, which only certain women have. HMO vary among
individuals because they are associated with the same genes that determine Lewis blood
type and secretor stat¥iverge et al. 1990) Women who are nonsecretors do not
express measurableligked fucosyloligosaccharides ihdir milk or other bodily fluids
(Newburg et aJ.2004.

There are neutral and acidic classes of HMO found in human milk. Colostrum
contains double the concentrationatijosaccharidefound in mature milk, foexample
breast milk from week 1 of lactation contained 9 g/L, and continued to decrease to a level
of 4 g/L at 1 yeafChaturvedi et al., 2001)The different levels of some individual HMO
in human milk are showm Table 1.2. Oligosaccharides are resistant to digestion and,
thus, remain intact until reaching the large intestine, which allows them to have many

functions throughout the intestinal tract
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2. Digestion and Absorption

HMO have been showto resist digstion in the upper gastrointestinal tract of
infants (BrandMiller et al.,1998) In fact, it has been estimated that at least 90% of
ingested HMO survive transit through the small intestiNewburg et al. 2005)
Furthermore, detection of HMO in falc samples obtained from brea®d infants
suggests that some of these carbohydrates may even resist fermentation by colonic
bacteria(Chaturvedi et a].2001)

In vitro studies indicate that HMO are not degraded to a significant eltent
gastrointestinalsecretionsfrom either the stomach or the small intestine. HM@
minimally digested (<5%) by human salivary amylase, porparereatic amylase, brush
border membrane vesicles isolated from porcine small intestine, and the pH similar to the
one prevailing i (®Gnothétal, 2000)f More tspgeaficallyt there are h
no brush brder enzymes capable of cleavingosylatedligosaccharidesuch as lacto
N-fucopentaose (LNFP) | and LNFP Il in the small intestine, but brush border enzymes
are able to minimally digest nonfucosylated oligosaccharides such as\ket@ose
(LNT) and neeLNT (Gnoth et al., 2000) Thus, it is postulated that slight hydrolysis of
ingested oligosaccharides occurs either in the terminal ileum, where a low level of
fermentation mayoccur, or in the low pH environent in the stomaclkiMolis et al.,

1996) Previously, arn vitro assay of mild acid hydrolysis (0.05M HCI, 37°C, 120 min)
showed 8% of inulin was converted to free fruct@d#sson & Bjorck, 1988) which is

why it is conceivable that HMO would be slightly hydrolyzed in low pH environments.
Oligosaccharides couldhen be absorbed as glucose and galactose by the Sodium
Glucose Transporter 1 (SGLT1) in the small intestBeudry et al., 2010)

Although most HMO escape digestion in the small intestine, sanadlunts of
intact oligosaccharides have been detected in urine, which implies abséraiatioff et
al., 1996 Obermeier et al., 1999) Assuming that human milk is the only source of
specific urinary oligosaccharides, renal excretion of these components would account for
~1% of the daily intake(Kunz et al., 2000) An experiment investigating the
transepithelial transport of HM@crossCace2 monolayers suggestthat neutral HMO

are transported across the intestinal epithelium by recepdrated transcytosis as well

22



as viaparacellular pathways, whereas translocation of acidic HMO solely represents
paracellular fluxXGnoth et al., 2001)

Table 1.2. Content and Composition 6fMO in HumanMilk

HMO Average (gL) COI’](ZZ?E;&UOH Citation
LNNT 0.3 0.45 Asakuma et al., 2008
Gal-b1 0.25 Thurl et al., 2010
4Gl c NAc 0.17 Chaturvedi et al., 2001
3 Ga6ld 0.3 Newburg et al., 2004
Sialic Acid 0.7 0.451.15 Wang & BrandMiller, 2003
Mixture  of 0.250.88 Miller et al., 1994
3'SL and 6'SL 0.315 Nakano et al., 2001
_ 0.2 0.1.0.3 Kunz et al., 2000
ﬁ NJ%'; : 0.27 Thurl et al., 2010
3 G B 0.07 Bao et al., 2007
0.1-:0.3 Martin-Sosa et al., 2003
_ 0.5 0.30.5 Kunz et al., 2000
g NJ%'; : 1.22 Thurl et al., 2010
5 GBI 0.29 Bao et al., 2007
0.2-0.3 Martin-Sosa et al., 2003
2.7 2.03 Asakuma et al., 2008
2 NjF L 2.6 Thurl et al., 2010
FucU1 2.43 Chaturvedi et al., 2001
2 Gal4eld 1.88 Newburg et al., 2004
2.44.9 Musumeci et al., 2006
. 0.5 0.25 Asakuma et al., 2008
3 NJFL 0.79 Thurl et al., 2010
Cal4ces 0.86 Chaturvedi et al., 2001
0.28 Newburg et al., 2004

The gut ofa newborn is permeable to intact sugars for the first few days of life
(Weaver et a).1984) These may be absorbed in considerable amounts for a period after
birth, but a reduction in uptake seems to follow theebrof enteral nutrition. Babies of
34 to 37 weeks gestation achieve a mature intestinal permeability within four days of
starting oral feedfWeaver et al., 1984van Elburg et al. 2003) In vivo studies
investigating intestinal permeability havesed lactulose (MW=342) and mannitol
(MW=182). These sugars are indigestible in the small intestine and are absorbed through
paracellular (lactulose) or tracellular (mannitol) pathways. Urinary excretion of the
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sugars is measured to determine intestinal permeability. The paracellular pathway
accommodates larger molecules while the transcellular pathway accommodates smaller
molecules (< 180 MW)Weaver et al., 1984) The pathways able to accommodate
smaller molecules have been ascribed to alyighevalentpopulation of small water

filled pores probably situated in cell walls, and a much loWequencyof larger
channels thought to be paracellular which would be able to accommodate larger
moleculegBeach et a).1982) Therefore it is possible that a paracellular pathway could

be responsible for transport of oligosaccharicethe small intestine, particularly in the

young infant whose gut is more permeable for macromolecules.

3. Immunomodulatory Action

HMO also have an inhibitory effect on certain pathogenic microorganisms, by
blocking adhesion of the pathogenic micramigms to the epithelial surfacéRuiz-
Palacios et al.2003) Formulafed infants have greater amounts of pathogenic microbes
in their large intestine compared to breast fed infstki, 1987) and the high amounts
of HMO in breast milk could explain this difference in intestinal coloniza{®ode,
2009)

Rotavirus recognize glycoconjugate receptors located on the vilips of
enterocytesn order toinfect the cells Both porcine and human strains of RV bind to
sialyllactoseoligosaccharides on cell membranes (Rolsma et al., 1998jibitlan of
virus binding to host cells by using receptor mimics provides an opportunitggdhse
infectious cycle. Various sialylated glycoproteins at concentrations -df0Q@ g / ml
inhibit RV infection, if preincubated with the virus prior to cell infectifiga et al,
2006) Thus,SA-contairing glycoproteins or HMQould be used tgrotect individuals
againstRV infection particularly in ndividuals whodo not receive RV vaccination. In
addition, neutral HMO exert antnicrobial and antviral actions. For example the
incidence of diarrhea is lower in infantswdmen with higher amounts @fFL-containin
-oligosaccharides their breasmilk (Newburg et al.2004) This suggests that this class
of HMO can also act as competitive inhibitors of pathogen binding to their

glycoconjugate receptors.
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Recent work in our lab has shown that specific HbD inhibit RV infectivityin
vitro (Chen et al.2011) Infectivity by OSUporcine RV strain OSU (P9[7],G5) obtained
from Kuhlenschmidt lalwas dosedependently inhibited by HM@olated from preterm
human milk as wells pure forms 08'SL and 6L, but not by LNnT, L, 3FL or a
combination of polydextrose and galactooligosaccharides (PDX/GOS)L a®d 65L
inhibited OSU strain RV at a dose of 2 mg/mLhese data are consistent with the fact
that the OSU strairequiresSA for binding to its target intestinal epithelial cells.

HMO are thought to play a key role in the immunomodulatory and
immunoprotective actions of human m{lkunz & Rudloff, 2008) HMOs can modulate
selectirs which belong to a subclass of carbohydhateling proteins involved in cell
adhesion in the immune system. Evidence is emerging that HMO function as ligands for
selectins that influence inflammatory processes by reducing leukocyte binding to
endothelia cells (Kunz et al., 2000) Furthermore, HMO have been demonstrated to
inhibit plateletneutrophil complexes, which would suggest they haveiaff@immatory
capability(Bode et al.2004)

Although the effect of HMQOn mediating theresponse to vaccination has not
been studieddietary supplementation of neatrand acidic oligosaccharidgsectin
derived acidic oligosaccharides, G@8d FOS(GOS/FOS ratio of 9:1 and fixed total
dietary dose of 2% (w/w)have been shown in mice to enhancgl-dependent
vaccination response to Influvac® (Solvay Pharmaceuticals, Weesp, Nethefléosis}
al., 2007) These oligosaccharides may stimulate Treg @2 suppression, resulting
in increased {1 response to influenza vaccinatidrowever the mechanism by which
oligosaccharides induce,T responsiveneds not known(van't Land et al., 2010)This
same researcgroup demonstrated that a mixture of GOS and FOS-diegendently
enhanced delayetype hypersensitivity (DTH) response to Influvac®; however a mixture
of FOS inulin(both at 2% wi/w of total diet)lid not enhance DTH respongd&%s et al.,
2006) It appears that the timing of exposure to the oligosaccharides is critical. For
example, supplementation of GOS, FOS, and pelgnved acidic oligosaccharidafter
being vaccinated with Influvac® did not affect the DTH p@sse in mice, whereas
exposure to dietary oligosaccharidasor to vaccination improved the response. This

indicates that immunreodulating effects were performed in the early phase of vaccine
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specific DTH respons@/os et al. 2010) This could be caused by early polarization of
naive Fcells into Thl or Th2 effector cells. Feeding mice a diet containing a FOS mix
also enhanced mucosal immunity response toQalthonellavaccine(Benyacoub et al.,
2008) More research is needed to examine HMO impact on vaccination response in

other animal models and humans.

4. Cell Growth

In addition to their immunomodulatory actions, recent evidence suggests that
HMO can alter the grotl-related characteristics of intestinal cells. This has been
observed in both transformed (FZB and Cace) and nortransformed intestinal cells
(HIEC) (Kuntz et al, 2008a) In the transformed cell line HZ9, allindividual neutral
and acidic oligosaccharides, except for the two fucosyllact@4des énd 3-L) inhibited
cell growth. Sialyllactoses induced differentiation in-B9 and HIEC cells as measured
by increased alkaline phosphatase adtivitwhereas, a-Bld increaseof apoptosis was
detected in H129 and HIEC cells when exposed to a mixture of neutral oligosaccharides
at a concentration of 15 mg/mL as measured by caspéike activity (Kuntz et al,
2008. In a subequent study, Kuntz and colleagues (2009) demonstrated that HMO
inhibited cell growth by suppressing cell cycle progression through induction of
differentiation and/or by influencing apoptosis. The molecular mechanism was further
investigated byexaminirg the effect of oligosaccharides on cell cycle events via flow
cytometry and cell cycle gene expression levels by using quantitativemeaRT-PCR
(Kuntz et al, 2009) Both neutral and acidic HMO induced a cell leyarrest in
intestinal epithelial cells in the G2/M phase, which would help explain the anti
proliferative effect. Further, HMO increased cyclin B mRNA expression levels, which is
a regulator of G2/M cell cycle transition. Kuntz showed that this celeayrrest occurs
through oligosaccharides interacting with epidermal growth factor receptor (EGFR) by
measuring signal transduction pathways through a protein profiling array to detect
different phosphorylation events. This interaction with EGFR theuaaes ERK1 and
p38 pathways, which cause an increase in cyclin B, which causes the G2/M cell cycle
arrest. Overall, these studies demonstrated that HMO impact epithelial cells, although

each cell line examined responded slightly different.
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Chapter 2
Research Objectives, Specific Aims, and Hypotheses

Infections are a major cause of morbidity and mortality in infants and children
world-wide. However, the severity of response of neonates to RV infectidheor
ability to generatesufficient antibodis following influenza vaccination can vary due to
immune immaturity and dietary differences. Manipulating the composition of infant
formula, by adding different ingredients, such [aglucans, NT, and HMO could
stimulatethe development of theeonataimmune and gastrointestinal systeni3ietary
B-glucans are able to boost the natural defem&chanism by stimulating bothnate
(Descroix et al., 2006gnd adaptive immune respong@&ramiene et al., 2007)NT are
conditionally essential for infants, particularly under stressful conditions, such as during
disease and rapid growth. Clinical studies demonstrate that supplemental NT improve
immune function, modify the intestinahicrobiota and reduce diarrhea in formula fed
infants. HMO contribute tothe immunomodulatory and immunoprotective actions of
human milk.

Theoverall objectiveof this thesis researclas to investigate how early nutrition
influences immune and gastrtestinal development. Thwverall hypothesiguiding this
research was that specific ingredients would mediate immune and gastrointestinal
developmentof formula fed piglets.To test this hypothesis, three specific aims were

undertaken.

Specific Aim linvestigated the effect of yegstglucan supplemented to infant
formula. Theworking hypothesisvas thatp-glucan supplementation would boost
antibody production in response to influenza vaccination and switobvérall immune
system from a {2- to a T,1-skewed response earlier in developmelnt.this study, we
compared intestinal and immune developmem piglets fed formula alone or

supplemented with a range of doses of purifieglucanas reported in Chapter 3
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Specific Aim 2determined the meaism(s) by which NT and HMO modulate
intestinal epithelial cell growthelated characteristics. Theorking hypothesisvasthat
NT alonewould increase proliferation, HMQvould decrease proliferation, and when
added together, NWould counteract the anproliferative effects of HMO.The impact
of HMO and NT individual andheir combined effects on cell proliferation, cell cycle,

and apoptosis/necrosase reported iChapter 4.

Specific Aim 3evaluated an acute treatment of HMO on enterocyte prdldera
immune cellularity, and cytokine production in the ileum of healthy and acutely RV
infected neonatal piglets chronically fed NT. TWwerking hypothesisvas thatdietary
NT would stimulate gut proliferation and cause greater immune response to &onf
and the addition of acidic HMO auld decrease RV infectivity in the intestin®ata on
how NT and HMO impactPBMC T-cell phenotypes as well as intestinal
histomorphology T-cell populations cytokine expressionand RV replication are

summarized irChapter 5
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Chapter 3

Intestinal and Immune Development are Unaffected by Rtary (1,3/1,6}b-D-glucan
Supplementation of Neonatal Rylets

Abstract

Infants are susceptible to infections in early life, and musy el their innate
immune systenfor pro t e c t -glucans potenbiate immune responses. Therefore, we
evaluated thenifluence of pufied yeast (1,3/1,6)0-D-glucan (Wellmune WGR) onthe
development of the gastrointestinal tract as well as the intestntbkystemic immune
systemsn neonatal pigletsPiglets were fed formula contaig® (control), 1.8, 18 or 90
mg WGP/kg body weight and were vaccinated agaimsinan influenza. Piglets were
euthanized at 7 or 21 days of ag®iglet weightand snall intestinal length and weight
were unaffected by dietatWGP. In addition, WGP did not affect ileal crypt depth,
villus height or ascending colon cuff depth. Immune parameters not affect&tGBy
supplementation included T cell phenotypes, cytokine gene expression, and cell
proliferation. However, vaccination and developmental effects were <@eerall, the
doses of B, 18, and 90 mg (kg/ BW) dadietary WGP had no effect on intestinal or
immune development and did not improve the antibody response to vaccimation

neonatal piglets.

Introduction

At the time of birth and continuing for the first two to three weekdife,
neonates are susceptible to infectiohey must rely on their innate immune systems
for protection to a significant extent. Active adaptive immunity must develop rapidly and
appropriately in the neonate as immune protection acquired from motHetus via
placental transfer, colostrum and breast milk does not confer protection against antigens
to which the mother has not been exposed. The process of immune maturation is even
more important for infants who are not breastfed as they only eepaissive immunity
from placental transfer and no further immune protection through theirTthetUnited
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States Centers for Disease Control and Prevertiorently recommend that infants
receive six vaccinations prior to three months of age. For thasenations to be
effective, t is important for the neonate psoduce adequate amounts of antigeecific
antibodies and circulating memory cells specific for the antigens irvdbeinations
being recaied. Therefore, studies which examine the effeftdietary supplementation
with immune stimulating compounas the overall T helper status of the immune system
and on the immune responseviccinationare valuable. Furthermore, the identification
and characterization of compounds that enhancerthetly, development and health of
those infants remains a priority.

The rate of maturation of the immune system is influenced by exposure to
commensal bacteria and to dietary antigékelly & Coutts, 2000 Zanetti, 1992
Helgeland et al.1996 Kaplan et al. 2011 Kelly et al, 2007 Bauer, et aJ.2006) It is
unknown whether ingredients of infant formula also modulate immune maturation;
however, modifications to infant formula are hypothesized to enhance the process of
immune maturation in formula fed infants. Although an ersighhas been placed on
identifying and replicating the components found in breast milk, there are other
compounds that can stimulate immune development. One such class of compounds is
found in the group of biological spon®@ mo di -ff 1 a c a n s flYchn&are. a b
family of homopolysaccharides of glucose commonly found in fungi, yeasts, plants, and
seaweeds. They are able to boost the natural defense mechanisms of the adult host by
stimulating both innate(Goodridge et al.,, 2009and adaptive immune responses
(Akramiene et al., 2007) afe @&cognized by the pattern recognition receptors of the
innate immune systeniDescroix et al., 2006) At least four receptors have been
identified for the recognition of DbG: comp
receptors and dectihwhichisdesci bed as t he recemot(Sonckepad.,r t ant
2009 Goodridge et al., 2009) Thus dietary bG, t hrough
receptors, has the potential to stimulate the transition of the neonate frenoTH2I-
skewed immunity. Thi s woul d accelerate the infanto
respond to challenges.

Ot hers have exami nedon immunity enfybuegcanimalso f y e

(Stuyven gal., 2009; Stuyven et al2010) Dietary yeastbG supplementatiommproved
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the humoral immunity of pigs and modulated cellular immunity of weanling pigs by
mitigating the elevation of prmflammatory cytokines and increasing the production of
antrinflammabry cytokines after an immunological challenge with lipopolysaccharide

(LPS) (Li et al., 2005) Fur t her mo r exertedyastidaral effects @gainst both

swine influenza virus in-Blayold piglets(Jung et al., 2004and porcine reproductive

and respiratory virus in weanling pigXiao et al., 2004) I n both Gstudi e
administration was associated with anragulation of the 1 cytokinelFN-2. Indeed, a

hallmark of glucartherapyis a switchfrom a T2 to a |1 response.

To our knowl edge, no studies have exami
in a neonat al popul ati on. Her e-b-Drgluae t e st
(Wellmune WGP®, WGP), which is generally recognized as safe by the United States
FDA, in a developmentally appropriate model. Based on data obtained in experiments in
ol der popul ati ons and shorter term studi
hypothesizedhat chronic dietary WGP would alter the development of the intestinal
mucosal and systemic immunity in the neonatal piglet. Specifically, WGP
supplementation would boost antibody production in response to influenza vaccination
and switch the overall immme system from apP- to a Ta1-skewed response earlier in
development. We have investigated the effects of dietary administration of WGP on the
devel opment of the neonateds intestinal an

WGP did not affect intémal or immune development in neonatal piglets.

Materials and Methods

Chemicals
All chemicals were purchased from Sigkirich (St. Louis, MO), unless otherwise

indicated.

Dietary Yeastb-Glucan
(1,3/1,6)b-D-glucan (Wellmune WGP®, WGP) was obtaineanfi Biothera, Inc.
(Eagan, MN). This compound was extracted frBaccharomyces cerevisiasing a

process that produces a whole glucan particle in which the outer surface of mannoprotein
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and inner cellular contents are remov@hbicek et al, 2007) WGP existed as a
particulate suspension in the bovine rhiksed formulas used hare WGP was
supplemented to formula to provide these doses at 1.8mg/kg BW/day, 18mg/kg BW/day
or 90mg/kg BW/day. The lowest dose pea an average WGP intake of 5 mg/day and

is consistent with Biothera's recommendation of 2 mg/kg BW/day. The middle dose
provided an average WGP intake of 50 mg/daye highest dose provided an average
WGP intake of 250 mg/d. The two lowest doses db swpass the level generally
recognized as safe by the United States FDA (200mg/serving, GRN No. 239,
www.FDA.gov accessed Oct 27, 2010). Furthermore, these levels are within the range
that has been shown to result io observed adverse effects in toxicological testing (2
100 mg/kg BW/dayjBabicek et al., 2007)

Dietary Treatment and Animal Protocol

Piglets (n=68) were obtained at 48 h postpartum to allow for consumptionostrcoh.

The piglets were randomized to one of four dietary treatment groups: 1) a medicated sow
milk replacer formula (WGPO0) (Formula; Milk Specialties Global Animal Nutrition,
Carpentersville, IL); 2) Formula + 5 WGP mg/L (WGP1.8); 3) Formula + 50 WGR.mg
(WGP18); or 4) Formula + 250 WGP mg/L (WGP90). Piglets were individually housed
in enviomnmentally controlled rooms (26) in cages capable of maintaining six piglets
separated by Plexiglas partitions. Radiant heaters were attached to the topsagkthe

to maintain an ambient temperature of 30°C. Formula was offered 14 times daily at a
rate of 360 ml/kg BW/day. The piglets were monitored daily for normal growth and food
intake, as well as the presence of fever, diarrhea or lethargy. All aniot&ldores were
approved by the Institutional Animal Care and Use Committee of the University of

lllinois.

Vaccination
On d7 postpartum, a subset of piglets from each treatment group (WGPO n=5, WGP1.8
n=6, WGP18 n=5, WGP90 n=6) were vaccinated with arfl25n. injection of human

influenza vaccine (Fluzoi®, Sanofi Pasteur, Swiftwater, PA). A blood sample was
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drawn on d7 from the jugular vein prior to administration of the vaccine. Vaccinated
animals were boosted on d14 with the same dose of FltizorBlood samples were
collected longitudinally from all piglets on d14 and d21 by jugular vein or following

euthanasia, respectively.

Sample Collection

On day 7 (WGPO n=5, WGP1.8 n=5, WGP18 n=5, WGP90 n=5) or day 21 (WGPO n=12,
WGP1.8 n=13, WGP18 n=11, WGP$9612) postpartum, piglets were sedated with an
intramuscular injection of Telazol® @tamine HCI and zolazepam H@GL5mg/kg BW

each, Pfizer Amal Health, Fort Dodge, IA).After sedation, blood was collected by
cardiac puncture into plain vials for ser isolation and hepariaced vials (BD
Biosciences, Franklin Lakes, NJ) for isolation of mononuclear cells. Piglets were then
euthanized by an intravenous injection of sodium pentobarbital (Fatal Plus; Vortech
Pharmaceuticals, Dearborn, Michigan; 72ngglBW). After death, a laparotomy was
performed. The small intestine was quickly excised from the pyloric sphincter to the
ileocecal valve, and its length was measured. The small irdest@s cut into three
segmentsduodenum (first 10%), jejunum (miadl75%) andleum (final 15%) All
sections were flushed witice-cold saline and weighedThe portion of the ascending
colon (ASC) most proximal to the ileocecal junction was also excised and rinsed with
ice-cold saline.Sections (12cm) of eachntestnal sectorwer e f i xed i n Boui |
or snap frozen in liquiditrogen. Remaining il@l segments were opened longitaliy,

and il eal P e y e r iotaedHa thecphrepasatioff méhénclear eetlaad

snap frozen in liquid nitrogen fARNA analysis Spken and mesenteric lymph nodes
(MLN) were also collected fosolation of mononuclear cells and snap frozen for RNA
analysis. Additionally, lung and bronchial associated lymph nodes were collected, and
data obtained from those tissusgresented in another manuscript, in which thezeew
only minor ef & mbrenchmaflymph@odesn T GF
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Intestinal Histomorphology and Immunohistochemistry

B o u i-fired sileum and ASC samples were embedded in paraffin, sliced to
approximately 5 pum with a microtome, and mounted on glass migessiaes. Slides
were Hematoxylin and Eosin (H & E) stained (University of lllinois Veterinary
Diagnostic Laboratory).Slides were visualized in the University of lllinois Institute of
Genomic Biology Imaging Facility using the NanoZoomer Digital Pathpol8ystem
(Hamamatsu Corporation, Bridgewater, Mihd analyzed using AxioVision 4.8 Digital
Image Processing Software (Carl Zeiss Microlmaging, Inc., Thornwood, NY). To assess
ileal villus length and crypt depth 10 measurements for each parameter wemeptx
piglet. Additionally, 10 ASC cuff depths were measured per piglet. lleum samples were
also stained for T cells (University of lllinois Veterinary Diagnostic Laboratory).
Because the tissues were para#mbedded and boufixed tissues, antigeretrieval

was done. A citrate buffer [pH 6.0] was used to break protein crosslinks formed by
fixation allowing the antibody to recognize the CD3 protein. After antigen retrieval,
slides were incubated with a rabbit amtiman CD3 polyclonal antibody (Ricare
Medical, Concord, CA). This antibody cressacts with pig CD3 and is extensively used

by the Veterinary Diagnostic Histology Laboratory at the University of lllinois College of
Veterinary Medicine (whose staff has verified this cresactivity by achieving the
expected staining of pig lymph node sections). Staining was visualized using a
HRP/DAB (horseradish peroxidase/ diaminobenzidine) system (Super Sensitive
PolymerHRP Detection System, Biogenex, San Ramon, CA) following the
ma n u f a c tstuctiens.6 Briefly,nslides were blocked [casein/PBS] for 20min,
secondary amtiabbitpolymerHRP antibodies were incubated with slides for 30min.
HRP was visualized by DAB exposure for 5min. Slides were costaéred with
hematoxylin for 1min. The NanoZoomer Digital Pathology System was used to image
slides. Images were analyzed using AxioVision 4.8 Digital Image Processing Software.
CD3' cells were counted in ten villus areas (area =ubff) per piglet. Care was taken

to include only the laming@ropria area and exclude the epithelial layer and IPP in the

areas analyzed. CD8ell numbers are expressed relative toptfdvillus area.

34



Isolation of Mononuclear Cells from Peripheral Blood and Immune Tissues

Peripheral blood mononuclear cells B|®C) were isolated by density gradient
centrifugation. Briefly 10 ml of heparinized blood was diluted in 25 ml of RPMI 1640
(Life Technologies Invitrogen, Grand Island, NY) and layered over Fradjue PLUS
lymphocyte separation medium (GE Healthcareps#iia, Sweden). The peripheral blood
mononuclear cells (PBMC) were recovered after centrifugation (400 x g, 30 min) across
the density gradient. Isolated PBMC were placed in complete medium RPMI 1640 (Life
Technologies Invitrogen, Gnd Island, NY)contaning 10% fetal calf serunfLife
Technologies Invitrogen, Carlsbad, CAPmM L-glutamine (Life Technologies
Invitrogen, Carlsbad, CA100eg/mlipenc i | | i g/mlstéefidinycep and 50 ¢€g/ |
gentamcin (Life Technologies Invitrogen, Carlsbad, CARed blood cells were lysed
using ammonium chloride lysing buffer. Mononuclear cells from spleen, MLN, and IPP
wereobtained by cutting tissuesto small pieces and dissociatinging a Gentle Macs
Dissociator (Miltenyi BiotecAuburn, CA). @lIs were thersequentiallypassedhrough
100um and 4@m cell strainers (BD Biosciences, Bedford, MA) to fomimgle cell
suspension Cells were countedusing a Countess automated cell counter (Life
Technologies Invitrogen, Carlsbad, CA). The number of viable cellsasssssety
trypanblue (Life Technologies Invitrogen, Eugene, GfXclusion. Isolated cells were

kept in complete medium until use.

Phenotypic Identification of Mononuclear Cells

The phenotypes of lymphocyte subpopulations from PBM®ALN, IPP and spleen
were monitoredising fluorescentlyabeled mAbs. Lymphocytes were identifieddnti
swineCD45 (Clone K252LE4, AbD SerotecRaleigh NC). Anti-CD45 was conjugated

to Alexa 647 with aZenon MouséAntibody Labeling Kit (Invitrogen Molecular Probes,
Eugene, OR). Tymphocytes were identified by mouse agpity CD3biotin (Clone
BB23-8E6, Southern Biotech Birmingham, AL which was visudized with
streptavidin:PECy7 (Southern Biotech). To further differentiate T cell populations, cells
were stained withmouse antpig CD4FITC (Clone 7412-4, Southern Bioteghand
mouse antpig CD8PE (Clone 762-11, Southern Biotech) antibodieéll staining
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procedures took place on ice and care was taken to prevent unnecessary exposure to light.
Briefly, one million cells per tube werblocked with antpig CD16 (G7, AbD Serotec)

for 5min. Next, cells were incubated 0min in a total of 10ul CD®iotin. Cells were

then centrifuged at 2000rpm, 5min, 4°C. Sups were removed. Thk#s, vwere
incubated for 20nin in a total volume of 40ul (10ul of each mAb: CD45, CD4 and CD8,

as well as 10ul of strePECy7). Cells were washed twice with phosphbtdfered

saline (PBS)/1% bovine serum albumin (BSA)/0.1% sodium azide, and then fixed with
2% paraformaldehyde.Staining was assessed using-& R 1 | fl ow cytomet ¢
Biosciences, San Jose, CA). The relative number of T cell subpopulations was
determied using FlowJo 7.0 software (FlowJo, Ashland, OR). CDB3' events were
considered T cells. CD36D3'CD4'CD8 events were considered T helper cells.
CD45'CD3'CDS8'CD4  events were  considered  cytotoxic T  cells.
CD45'CD3'CD4'CD8' events were considereduble positive T cells.

Mitogenic Cell Stimulation

PBMC, spleen and MLN cellswere plated in 96vell plates(2 x 10 cells/well)in a final
volume of 200ul complete medium at 37°C under 5%,.C@0ul of Concanavalin A
(ConA)( 25e g/ ml ) or gam) @ads adudd orldS3 wellg fee sample per
stimulant). ®H-thymidine Perkin Elmer, Boston, Mpwas added 72kfter the initiation

of the mitogenic stimulatiora t a concentration of leCi p
incubatedan additional 24hPlates were stored a80°C until analysis. Cells were
harvested (TomTech, Haester 96 Mach Il M Hamden, CY onto 1.5um glass fiber
filter paper (Skatron Instruments, Sterling, VA), and put into vials containing 7ml Ultima
Gold F Santillation Fluid (Perkin Elmer, Waltham, MA). Samples we®unted on a
Beckman Coulter, LS 6500 Scintillation SystéBrea, CA) Data are expressed as
change incont s per mi) which wasobtgi@&® by subtracting counfiom
undimulated control wells from counts farells with mitogens.Samples were analyzed

in triplicate. Data analysis was perfor me
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Fluzoné™ Preparation for ex Vivo Analyses

Prior to use irex vivoassays, Fluzoi¥ wasdialyzedto remove additives that inhibit cell
proliferation. ~ The Fluzori® solution was placed into Spectra/Por® 4 dialysis
membranes (Spectrum Laboratories, Rancho Dominguez, CA) and submerg&ifan P
24 hours at 4°C Protein content of prdialyzed and dialyzed Fluzoiewas assessed
using a Bradford assay (Quick Start Bradford,-Riad, Hercules, CA). Both samples

contained13®g pr ot ei n/ ml

Assessment of CelMediated Response

The cellmediated immune (CMI) response of the piglets wanitored by stimulating

PBMC andspleen cells wittthe dialyzed Fluzori® solutionexvivo. This strategy had
previously been used to assess CNlresponse to the influenza vaccine in human
subjects(Keylock et al., 2007) 2 x 10 cells were added to each well of round bottom
microtiter pfl acdemplient el 50elelL oul t uza eBedi a.
(0. 875, 1. 75) wa8 adfed tooench Wedl gn=3n\vells per sample per
stimulant).  On d4,°H-thymidine (Perkin Elmer, Boston, MAas added at a
concentr at i on andflated wefEincubatedovernigbt. Aells were treated

and analyed as for mitogenic stimulation.

Assessment of Fluzori®-Specific Antibody Response

An ELISA was used to detect swine Igpecificfor influenzaantigens. Flatbottomed
plates (Nunc, Rochester, N'Yvere coated wittdialyzed Fluzoné™ vaccineat a 1:80
dilution in coating buffer [0.5M Carb/Bicarb Buffer, pH 9.8hd incubated overnight at
4°C. Following incubation, 200df PBS/10%FBS was added to each well to block non
specific bindng. Following incubation (1ht 4°C), the plate was washed three smih
PBS/0.05%Tween 2050pl of sera diluted in PBS/10% FBS was added to eashand
plates were incubated for 1h at 37°C. Plates were wasinee times with PBS/Tween.
50ul of goat antipig IgG (GeneTex, Irvine, CA), not gamma chain specific, conpajat
to peroxidase was added to each well at a dilution49QLin PBS/10%FBS. Following
a 1h incubation at 37°C, the plate was washed ttinees with PBS/0.05%Tween. 50ul
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of TMB Substrate ReageliBD Biosciences) was added, and plates were incubated at
room temperature (RT) for 20min. Then, 50ul 2N sulfuric acid was added. The plate was
analyzed on a spectrophotometer (SpectraMax M2e, Molecular Devices, Sunnyvale, CA)
at 450nm. Samples were run in duplicate. Positive stock serum was run on eaich plate
dilutions ranging from 1:10Q:1600. A standard curve was made using these dilutions.
FluzonéM-specific IgG is expressed in arbitrary units calculated from the linear portion

of the standard curve.

Assessment of Serum Total Immunoglobulin Levels

Total serum immunoglobulin levels were detected by ELISA using porcine IgG, IgM and
IgA Quantification Sets (Bethyl Laboratories, Montgomery, TX, USA). Avefl, flat-
bottomed plate (Nunc, Rochester, NY) was coated with 100ul coating antibody (ug
coating atibody as suggested by the manufacturer diluted in 0.05M carbonate
bicarbonate buffer, pH 9.6) and incubated overnight at 4°C. The antibody solution was
poured off, and the plate was washed three times with PBS/0.05% Tween20. The plates
were blocked with300ul of 3% BSA/PBS for 1h at RT. The plates were washed as
before. Serum samples were serially diluted in 0.05% gelatin/PBS, added to the wells in
duplicate (100ul per well), and plates were incubated for 1h at RT. Samples for standard
curves were used atrected. Plates were washed as before, and 100utddRjagated
detection antibody (concentration as recommended by the manufacturer) in 0.05%
gelatin/PBS was added to each well. Plates were protected from light and incubated for
1lh at RT. Plates wereashed four times with PBBween 20. 100ul TMB reagent
solution (OptEIA, BD Biosciences, San Diego, CA) was added to each well and allowed
to develop protected from light at RT for the time recommended by the manufacturer.
The reaction was stopped witBdpl 2N sulfuric acid per well. The absorbance was read

at 450 nm with 570 nm correction using a spectrophotometer (SpectraMgx M2
Molecular Devices, Sunnyvale, CA)Total immunoglobulin values were determined

based on a standard curve that was runagh elate.
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Tissue mMRNA Expression

Total RNA was extracted from sndqwzen IPP, ASC, MLN and spleen samples with
TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was quantified by spectrophotometry
(Abs 260nm) using a Nanodrop 1000 (Thermo Scientific, kRod, IL). RNA
concentration was adjusted to 0.25ug/ml using RNase free water. RNA quality was
assessed by a 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). All
samples had an RNA integrity number (RIN) greater than 6. Reverse fpéinacwas
performed on 3ug total RNA in a reaction volume of 20ul (High Capacity cDNA Reverse
Transcription Kit, Applied Biosystems, Foster City, CA). Quantitative-tiea¢ PCR

was conducted using SYBR Green (Applied Biosystems Inc.) and data wasecbllect
using the Tagman ABI 7900 (Applied Biosystems Inc.). A total of 40 PCR cycles were
run. Primers used are listed Tiable 3.1 and final primer concentrations were 300nM.
The relative standard curve method was used for quantitation. Standard curigsdons
of dilutions of fadiowas dsedsap theeiannal stanbafd. reportdr
gene. Normalized values for each target were calculated by dividing the target quantity
me an b y-actih lguantityp mean. A fold difference was calculated éacch
measurement by dividing the normalized target values by the normalized calibrator
sample. Tissue from the day 21, formutad, nonvaccinated (NV) animals was used as
the calibrator in each instance. All samples that were statistically comparaschtotaer

were run on the same plate.

Statistical Analysis

Statistical analyses were performed using SAS (Cary, NC). Body weight, formula intake,
and assessment of antibody response were tested between groups by-repasiees
analysis of varianceANOVA). All other data was analyzed byvzay ANOVA using

GLM procedure to determine the effects of diet and vaccination or time and their
interactions. In the event of a significant main effect a post hoc Least Significant
Difference test was used. Ss#ital significance was defined as p<0.05 and trends
reported as p<0.10. Datse presented as mean * SD.
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Results

Becausedietary WGP had no effects on the outcomes measured, the results,
tables, and figures for all measurements except WGP intake, Wweidit, intestinal
weight and intestinal length only include control (WGPO) and high dose WGP (WGP90)

treatments.

Formula Intake, Body Weight, Intestinal Weight, and Intestinal Length

Daily formula intake averaged 808 + 16W/day/pig for the first weeland 1488 + 129
ml/day/pig during the last two weeks of the study. Mean WGP intake over the 21 day
period was 0 £ 0, 4.6 £ 0.6, 46.1 + 7.7, and 225.1 + 26.6 (mg/day) for WGP0, WGP1.8,
WGP18, and WGP90, respectiveliean WGP intake at d21 was 0 £ 0, 1.0.2, 16.5

+ 1.6, and 86.1 = 10.0 (mg/ kg BW) for WGP0O, WGP1.8, WGP18, and WGP90,
respectively(Table 3.2). Body weight, small intestinal weight, and small intestinal
length were not different between dietary treatmeffiable 3.2). Additionally,
vaccinationdid not influence formula intake or body weights. Thus, addition of WGP to
formula did not affect BW or intestinal growth.

Immunohistochemistry and Histomorphology

To determine iWGP had an effect on intestinal development, ileal CDB/mphocytes

were measured as well as ileal and ASC histomorphology. There was a tendency
(p=0.1218) for increasing dietary WGP to decrease numbers of CD3+ cells in the ileal
villi of 21d old animals(Figure 3.1A). Additionally, ASC cuff depth, ileal villi length
andileal crypt depth at d21 were not affected by dietary WGP supplemenf&tgure

3.1B). Therefore, intestinal growth and intestinal T cell numbers were unaffected by

chronic enteral WGP administration.

T Cell Populations

T cell phenotypes in PBMC, spleedLN, and IPP were evaluated to assess if dietary
WGP or influenza vaccination would facilitate a more rapid switch fronResKewed to
Thl-skewed immune response. No diet @ccination effets were seenni T cell

populations for CD48CD3'CD4'CDS cells but they were significantly increased on day
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21 compared to day 7 in the ML{Table 3.3). However, CD45CD3'CD8'CD4 cells

were significantly decreased on day 21 compared to day 7 in the PBMC, spleen, and
MLN (Table 3.4). The CD45CD3'CD4" CD8/CD45CD3'CD8'CD4 ratio was higher

at d21 in MLN, but, in IPP, it was higher at d{Figure 3.2A). The
CD45'CD3'CD4'CD8" (double positive) T cell populations were greater on d21
compared to d7 in MLN, IPP, spleen, and PBNFigure 3.2B). An increase in the
proportion ofdouble positive cells as the pig matures has previously been documented
(Zuckermann & Husmann, 1996)

Mitogenic Cell Stimulation and Assessment of CelMediated Response

Proliferation wasevaluated to determenif cells isolated from animals fed WGP® or
vaccinated with FluzoneE showed -Bpedfic eased
antigens. PBMC, spleen, and MLN from all animagnificantly (p<0.0001)
proliferated in the presence of LPS@onA comparedo unstimulated cells Data are
expressed as a c¢hange whiohwasoobtairted by pubtractimgi nut e
counts from unstimulated control wells from counts for wells with mitogens, which is

why unstimulated data is not showAll animals responded to LPS or ConA dSaniy,
independent ofin vivo treatment of WGP or vaccinatio(fable 3.5). Fluzoné™

treat ment of 0 . 8 7 5did ndat stihiiate prdlifetation compédred7te g / mL
unstimulated cells in the blood and spleen for vaccinated o+vactcinated piglets

(p>0.05) (data not shown).

Assessment of Fluzori®-Specific Antibody Response

Vaccinespecific serum IgG levels were measured to determiietary WGP would
improve the humoral response to vaccination. Serum Fliizeapecific IgGwas simibr

in all vacénated animals all-time pointsregardless of dietary treatme(itigure 3.3).
Vaccinated animals had a significantly higher amount of Flu2bspecific IgG than
nonvaccinded animals at d14 and d21 (p<0.0001). Day 21 piglets had a greater vaccine
respoise compared to the d14 piglets (p<0.000E)zoné™ specific 1gG is low on d7,
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which implies that sows and piglets were negative for influenza antibodies at start of
study.

Assessment of Total Serum Immunoglobulin Levels

To determine ifdietary WGP couldncreasetotal immunoglobulin concentrationsera
from the WGPOand WGPO groups were analyzed faerum IgG IgM and IgA
concentrations at d7, d14 and d3&rum IgG concentrations were higher (p<0.05) at d7
than at d14 and d2Figure 3.4A). However, saum IgG concentrations were unaffected
by diet and vaccination. WGRH#glets had higher (p=0.04erum IgMconcentrations
than WGPI0 piglets (Figure 34B). However, serum IgM concentrations were
unaffected by vaccination and dagerum IgA concentrationsese higher (p<0.05) at d7
than at d14 and d2Figure 3.4C). However, serum IgA concentrations were unaffected
by vaccination and diet.

Tissue mMRNA Abundance

Based on previous studies wheteG i nf | uenced pato Blwkewwvedh f r o
immunity (Jung et al., 2004Z. Xiao et al., 2004)we examined JL and T2 cytokine

message. In addition, gene expressidndectinl, apr i mary —receptor f o
measured to test il i et ary WGP woul d regul ate the re
measurement ofgene expression enabled the determination of developmental or
vaccination effects. Expressionaéctinl did not change in IPRVILN, ASC, or spleen

in response to chronic dietary WGP administration. No dietary or vaccination differences

in the relative abundance of cytokine mRNAs were detected in whole tissue samples of
MLN, IPP, or ASC from 2ldanimals (Table 3.6). In addition, neither WGP
supplementation nor day affected mRNA abundance in the spleen. However, vaccination
significantly increased (p<0.05) 42, IL-4, IL-6, and dectin mRNA abundance in whole

spleen tissue from 21d anim&Eable 3.7). IL-1 b , -10) IL-12, TNFU, orb 2T GF

MRNA abundance in whole spleen tissue was not altered.

Discussion
At birth the neonatal immune system is strongl@-polarized(Delespesse et al.,

1998) This bias leavegshe newborn more susceptible to infections than older
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individuals. Formulded neonates also produce less robust antibody responses to
vaccination than brea$td infants(Pabst & Spady, 1990; Sadwv et al., 2009Pickering

et al., 1998 Schaller et al., 20040gra et al., 1977) It was hypothesized that
supplementation of fonulawith a yeast product, WGP, woubdtentiate immune system
responses to vaccination and boost therall immune system in formulfed piglets.
However dietary WGPhad no effect on intestinar systemidmmune eévelopment in
full-term, colostrurrfed, neonatal piglets. Importantly, nadverse effects obrally
administeredWGP were observed, and WGP did not negatively impact the expected
immune system developmental switch from @-Tto Tpl-skewed immune response.
Studies examining theffects d b Gon local intestinal immune rpsnse in neonatal pigs
are scarce. Thexperimentpresented hereiallowed forthe local intestinal immune
response to be examined in tissuesaddition to beingsystemically monitored in the
blood(Gallois et al. 2009)

Lymphocyte populations (PBMC, MLN, spleen, or IPP) were not altered by WGP
supplementation nor was proliferation affected (PBMC, MLN, spleen). Previous
literature las showrb G ef f ect s on | y@phandcCOPs Tecellpwenrgu | at i o
higher inweaned pigs fed G f Bacdmaromycesecevisiaesupplemented diets as
compared with pigs fed control digidahn et al., 2006) However, it ok eight weeks
for this effect to be detected. In contrast, animals in our study were fed WGP for a total
of three weeks. Piglets were vaccinated and boostered at such a young age and in a close
interval because we did not want to investigate piglets waanling age since we are
interested in neonatal immune development. In anattuely looking at older animals,
spleen cellfrom mice supplemented with one to five intragadiriGreatmentspbtained
from culture filtrate of the funguSclerotinia sclerotiorum IF®395 proliferated more
strongly when stimulated with T or B cattitogers than did those from control mice
(Suzuki et al., 1989) Not only were the animals ol de
administered in a more concentrated form over a shorter time period than in the current
studies. Others have shown that cells treated with some forfmsSoproliferate more
than untreatedells (Sonck et al.2010) In other studie) G f $.arevisiaehas been
shown to enhandde activities of natural killer cells and peritoneal macrophaggesiell

as stimulatecytotoxic T lymphocytes, Bcells, aml macrophages in micgCross et al.,
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2001) However, these effects wer envimoof y see.
administered i.p. We did not evaluate the effects of WGP added to cells in culture
because & are primarily interested in assessing the effects from dietary exposive

and not direct effects on immune celtsvitro. Thus, differences in our results from

those previously reported could be due to the age of the experimental subjects, the
mode/length of administration of WGP or the spedifiG us e d.

It is possible, that an immune compromised immune system is needed to see the
effects of WGP. I n addition, WGP may be
those used in studies mentioned above, howeveritisc | i ni c al,kinceirie | ev an
generally recognized as safe by the United States FDA for infAstsuch, our ability to
detect significant changes in body weight, intestinal growth and immune status with
dietary WGP treatment may have been limited by the fact thatefufi colostrum fed
piglets rather than diseased or immunocompromised animals were used in our studies. In
fact, dietary supplementation of weaned pigs Witk Or i gi nal XPC ( Di amc
Rapids, 1A) improved growth in pigs chatiged with Salmonell@Price et al., 2010)and
WGP given orally increased the survival rate of mice infected with an{Ki@xnikakis
et al., 2003) Finally, WGP has demonstrated effectiveness by switchirng acsponse
to a protective {1 celkmediated response in turAbearing mice when it was given
orally and combined with artumor monoclonal @tibodies(Baran et al., 2007) Thus,
the health of our animals may have limited our ability to detect effects of WGP
supplementation, but the study was designed to assess effects in healthy formula fed
infantsusingaBA-approved bG.

We did detect differences in some genes based on the vaccination status of an
animal. Tissue mRNA abundance of2l_1L-4, IL-6, and dectin was significantly higher
in whole spleen tissue from 21d vaccinated animals compared to thowenfin
vaccinated animals. Previously these cytokines have not been found to be significantly
increased in serum concentrations of adults vaccinated against infliBag@mmolov et
al, 2008) However, blood ctres from infants who had been vaccinated against
tuberculosis, had greater cytokine response when exposed to TB for 15 out of 21
cytokines tested, including {2, IL-4, and IL-6 (Lalor et al., 201Q) Most cytokines

tested tended to be increased, although not all significantly, in vaccinated animals
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compared to nowaccinated animalsBecause we collected samples on day 7, prior to
vaccination, and on day 21, one week after the last vaccination, our ability tostetec
cytokine differences was compromised.

Although cytokine expression was increased due to vaccination in our study, a
WGP effect on Fluzone vaccinatiosponse was not seeWWe used an ELISA to test
this because it often detects antibodies in sesaimples that show up negative in HI tests
(Takemae et al., 2011)Our lab has shown that an influenza hemagglutination inhibition
(HI) assay was not able to detect influenza antibodies in ouvaceinated or vaccated
piglets, which indicates the lack of sensitivity of the assay. This study suggests that
dietary WGP does not improve immune response to influenza vaccination irterrull
colostrumfed, and otherwise healthy neonatal piglet population. iStssrprising since
a number of studies have shown thaBsupplementation improves immune responses. A
number of other studies, however, have shown little effed @supplementation on
antibody response to systemic immunization. For instam@stly Glid not enhance the
efficacy of vaccinations foporcine reproductive and respiratory syndrome (PRRS) virus
(Hiss & Sauerwein, 2003)or different EnteroToxinogeni&scherichia coli(ETEC)
antigens (Decuypere et al.1998) filor® S. cerevisiaesupplemented to piglets
vaccinated withan atrophic rhinitis vaccineactually producedfewer antigerspecific
antibodiegHahn etal.,2006) but pi gs s udron S caerevisiadjectedvi t h
with ovalbuminproduced more antibodi€ki et al., 2005) An oral dietary supplement
may have a greater chance of affecting an oral vaccination than an i.m. vaccination.
However, most vaccinations are administer@a with the exception of the rotavirus
vaccine. Additionally, we have tried to use oral rotavirus vaccine in our piglet model, but
we could not detect an effect of vaccination on antibody titer (unpublished observation).
This is likely because rotavis commonly infects pig herds and so maternally transferred
antirotavirus antibody levels were high. Ultimately, we are interested in the effects of
or al bG on i mmune devel opment and our f
since the majority of renatal vaccinations are given i.m.

To gain a perspective of systemic immune development of piglets, total serum
IgG, IgM and IgA concentrations were measured. We found that the serum IgG

concentrations were higher (p<0.05) at d7 than at d14 and d21de@lopmental study
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showed similar results to Bourne et(Bburne, 1973) Serum IgM concentrations were

higher (p<0.05) in WGPO piglets compared to WGP90 piglets. IgA serum concentrations

were higher on d7 thamad14 and d21 (P<0.05). Our previous developmental study as

wel | as Bourneds research suggests that t|
receiving colostruniBourne, 1973)

One potential source of variatn s een i n these studies n
utilized. bG can be extracted from a nun
shown to have varying activity level#lthough the molecular structures of the vas
b Gchains with branch points at (1133) are highly conserved, the thidienensional
structure of the molecule can be different among organisms and depends on the chain
length, branch type, and branch frequency T h e met h oale piogessedion c h b
manufactured camlso have a significanimpact on their immune stimulatory activity
(Bohn, 1995; Mueller et al., 2000; Saito et al., 199&ljelid et al, 1981; Willment et al.,

2001) There is alsalata thatindicates more watesoluble polymers are more active,

and, related to thathé immunopotentiating activity d Gcan dependn the helical
conformation and on the presence of hydrophilic groups located on the outside surface of
the helix. Evidence alssuggests that the activity dependent on the size, with high
molecular weight (100,00R00,000) fractions begnmost active, while fractions from the
same source with molecular weights of 54@)000 showed no activi{Blaschek et al.,

1992 Fabre et al., 1984ojima et al. 1986) Additionally, dietary WGP did not affect
antibody or celimediated immune responses to influenza virus vaccination in mice
(Pence et al., 2012)Thus, the physical structure of WGP may hawdtid its ability to

affect change when administered orally. Again, we utilized WGP sinca ithsically

rel evant b G, which is generally recogni ze:q
population we wanted to target.

In conclusion, the effectsfo or al | y a domimmungytveamr ¢d blyG b G
source and animal modelFurther studies are needed to examine the effectiveness of

modulating then e o n anmaené systemwt h di f ferent forms of b
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Figures

Figure 3.1. Immunohistochemistry and Histanorphology for 21d animals (A)
Number of CD3 ‘“okileumsvillup didr not Hiffed byndietary treatment
(p=0.12). (B) Dietary WGP did not affect ASC colon cuff depth (p=0.54), ileal villus
length (p=0.15), or ileal crypt depth (p=0.55). Valuesexpressed as mean * SD.
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Figure 3.1 continued
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Figure 3.2. T Helper Cells, Cytotoxic T Cells, and Double Positive T Celis 7d and

21d piglets. (A) The ratio of CD45CD3'CD4'CD8/CD45'CD3'CD8'CD4 T cells

was significantly higher on d21 than on d7 (p=0.009) in MLN and significantly higher on
d7 than on d21 (p=0.046) in IPP. (B) The percentage of double positive
(CD45'CD3'CD4'CD8") T cells was significantly higher on d2a MLN, IPP, spleen,

and PBMC (p=0.0113, 0.03, 0.045, 0.004, respectiveiglues are expressed as mean *
SD. *p<0.05.
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Figure 3.2 continued
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Figure 3.3. Fluzoné Specific serum IgG kvels. Piglets were vaccinatieon d7 and d14

with a 0.25ml i.m. injection of human influenza vaccidepre-vaccination blood sample

was drawn on d7, and blood samples were collected longitudinaity &b piglets on

d14 and d21.0n d14 and d21, vaccinated piglets had greater sElumonespecific IgG

than nonvaccinated piglets (p<0.0001). Vaccinated piglets had greater serum Fluzone
specific 1gG levels at d21 than at d14 (p<0.0001). Values are expressed as mean = SD.
Repeated measures ANOVA: overall model p=0.02, diet p=Glay, p<0.001, and
diet*day interaction p=0.68.
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Figure 3.4. Total serum IgG, IgM, and IgA concentrations. (A) Total serum IgG
concentrations were higher on day 7 than on day 14 and day 21 (p=0.002). No diet
(p=0.6) or vaccinatioip=0.88) differences were detected. Data are expressed as mean +
SD. Data with different letters are significantly different. Model p=0.002, day p<0.0001,
diet p=0.6, and day*diet interaction p=0.49B) Total serum IgM concentrations were
higher in WG?0 piglets than in WGP90 piglets (p=0.04). Data are expressed as mean +
SD. Data with different letters are significantly different. No day (p=0.09) or vaccination
(p=0.23) differences were detected. Model p=0.04, day p=0.09, diet p=0.01 and day*diet
interaction p=0.80 (C) Total serum IgA concentrations were higher on d7 than on d14 or
d21 (p<0.0001). Data are expressed as mean * SD. Data with different letters are
significantly different. No diet (p=0.49) or vaccination (p=0.17) differences were
detected. Model p<0.0001, day p<0.0001, diet p=0.49 and day*diet interaction p=0.32.
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Figure 3.4 continued
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Figure 3.4 continued
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Tables

Table 3.1. Primers used for quantitative RT-PCR

Gene Forward Primer (!Reverse Primer ( EGeneBank
Accession ID
b-actin' CACGCCATCCTGCGTCTGGA AGCACCGTGTTGGCGTAGAG DQ845171.1
Dectirf CTCTCACAACCTCACCAGGAGAT CAGTAATGGGTCGCCAATAAGG FJ386384.1
IL-2° TCAACTCCTGCCACAATGT CTTGAAGTAGGTGCACCGT EU139160.1
IL-12 p35 CGTGCCTCGGGCAATTATAA CAGGTGAGGTCGCTAGTTTGG NM_213993.1
IL-4* TTGCTGCCCCAGAGAAC TGTCAAGTCCGTCAGG AY294020
IL-10° CAGATGGGCGACTTGTTG ACAGGGCAGAATTGATGAC L20001
IL-6° CTGGCAGAAAACAACCTGAACC TGATTCTCATCAAGCAGGTCTCC AB194100.1
IL-1 B AACGTGCAGTCTATGGAGT GAACACCACTTCTCTCTTCA NM 214055.1
TNF-U AACCTCAGATAAGCCCGTCG ACCACCAGCTGGTTGTCTTT EU682384.1
TGFRH TGTGTGCTGAGCGCTTTTCT GAGCGTGCTGCAGGTAGACA L08375.1

! Nygard et al., 2007

2Sonck et al., 2009

3Borca et al., 2008

“ ColladoRomero et al., 2010
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=112980806&dopt=GenBank&RID=VEASGN1201S&log$=nucltop&blast_rank=5
http://www.ncbi.nlm.nih.gov/nucleotide/224466281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157400586&dopt=GenBank&RID=VEAYRFTW01S&log$=nucltop&blast_rank=90
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=47522811&dopt=GenBank&RID=VEB0715P01S&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/UniGene/seq.cgi?ORG=Ssc&SID=22341986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189176152&dopt=GenBank&RID=VEAUDJG201S&log$=nucltop&blast_rank=1

Table 32. Body weight, WGP intake average over tim and abstute, and total smallintestinal weight and length

Day 7 Day 21
Measurement WGPO WGP1.8 WGP18 WGP90 | WGPO WGP1.8 WGP18 WGP90
Average Body Weight (kg) 2.3+0.4 2.3+0.7 2.2+0.3 2.3+0.5 | 4.1+0.7 4.5+0.7 4.5+0.8 4.3+0.5
Average WGP Intake over 7 or § 00 2.7+0.7 25.5+3.7 45.0+9.9| 0+0 4.6x0.6 46.1+7.7 225.1+26.6
dayperiod (mg/ day)
WGP Intake at Day 7 or Day 21 | 00 1.840.0 17.6+0.3 88.2+1.1| 0£0 1.7¢0.2 16.5+1.6 86.1+10.0
(mg/ kg body weight)
Total Small Intestinal Weight 40+9 4614 39+7 42+4 436  42+4 40+4 41+9
(9/ kg body weight)
Total Small Intestinal Length 229+28 212+67 223+23 255+39 |160+39 160+21 156+29 164+21

(cm/ kg body weight)

! Data are expressed as mean * SD.

56



Table 3.3. CD45CD3'CD4'CD8 T cell populations determined by flow cytometry?!

Percentag€D45 CD3'CD4'CD8

P-valuef

P-value’

Tissue
PBMC
PBMC

Spleen
Spleen

MLN
MLN

IPP
IPP

Day | WGPONV ~ WGPO,V WGP90O,NV  WGP90,V
7 35.8+22.9 34.2+26.1

21 | 48.6%5.8 41.6+20.1 53.0+16.1 45.4+14.5
7 326+24.3 24.2+22.8

21 [40.7+#11.9 33.4+16.8 43.3x14.3 45.7+11.5
7 46.2+24.8 35.4+30.1

21 |64.3+£10.2 60.8£7.9 65.0+11.3 62.0+£9.9
7 45.5+33.6 242422 .4

21 |50.7+13.7 44.4+21.7 60.1+21.1 44.4+23.6

0.5476 (0.0294)

0.3909 (0.0358)

0.0255 (0.0003)

0.3216 (0.0481)

0.8875 (0.2625)

0.5992 (0.8780)

0.5500 (0.7237)

0.9481 (0.8806)

! Data are expressed as mean + SD. Values are TIX5CD4'CDS events as a percentage of CH@B3" events.

2Model included diet, day, and interaction, Mbgevalue (Day pvalue). All diet and interaction-palues >0.05.

% Model included diet, vaccination, and interaction, Modefajue (Vaccination jvalue). All diet, vaccination, and interaction p

values >0.05.
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Table 3.4. CD45CD3'CD8'CD4 T cell populations determined by flow g/tometry?

Percentag€D45+CD3+CD8+CD4 P-valuef P-value’

Tissue Day | WGPONV  WGPOV WGP90NV WGP90,V

PBMC 7 | 23.8+28.6 24.6124.9

PBMC 21 |10.4458  7.3#+3.7  7.1+2.3 8.8+6.4 0.0443 (0.0006) | 0.7515 (0.2983)
Spleen 7 21.6+26.8 24.1+23.0

Spleen 21 |6.2+#3.0 49+29 56427 6.8+3.1 0.0015 (<0.0001) | 0.7926 (0.7138)
MLN 7 |19.5+24.1 30.4+32.3

MLN 21 |8.4+4.3 8.7+6.7  6.2+2.7 9.645.5 0.0058 (<0.0001) | 0.7894 (0.4780)
IPP 7 | 12.8+245 19.4+25.7

IPP 21 |3.6+2.3 55+4.3 52+6.4 3.8+2.1 0.5446 (0.0323) | 0.5301 (0.3617)

! Data are expressed as mean + SD. Values are CD@CDS8'CD4 events as a percentage of CH@b3" events.
?Model included diet, day, and interaction, Modelgiue (Da p-value).

% Model included diet, vaccination, and interaction Modelajue (Vaccination jvalue). All diet, vaccination, and interaction p
values >0.05.
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Table 3.5. Mitogenic cell simulation of PBMC, spleen and, MLN mononuclearcells
at day 212

LPS ConA
(Log @CPM) (LoggpC P M)
WGPO WGP90 Model WGPO WGP90 Model
p-value p-value

PBMC 3.063.3 2.7#2.7 09465 |4.8:49 4543 08181
Spleen 3.6t3.8 4.1+4.1 0.1541 |4.6t4.6 4.7+4.7 0.8690
MLN 2.9t3.4 3.3t35 0.2212 |51+4.4 5.1+4.4 0.7964

! Data are expssed as mean * SD.

2Model included diet aa main effect.
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Table 3.6. Cytokine and dectin mRNA expression in MLN, IPP, and ASC of21 day
old piglets*

WGPO WGP90 Model pvalue®

MLN

IL-2 1.1+1.0 0.5+0.3 0.1601
IL-12 0.9+0.6 0.60.3 0.4369
IL-4 1.1+0.8 0.8+0.6 0.4978
Dectin 0.9+0.7 0.7+0.5 0.6668
PP

IL-2 1.1+1.0 2.243.5 0.3157
IL-12 1.0+0.9 1.2+1.1 0.7665
IL-4 1.2+1.0 1.2+0.4 0.1392
Dectin 1.4+£1.3 1.6+£0.8 0.4426
ASC

IL-2 0.7+0.5 0.7+0.9 0.5407
IL-12 0.7+0.7 0.9+1.0 0.7454
IL-4 0.7+0.4 0.7+0.5 0.9978
Dectin 0.60.4 0.30.2 0.4514

! Data are expressed as mean * SD, relative to fold difference of gene expression in
formula diet samples at day 21.

2 Model pvalue includes main effects diet and vaccination, which were both non

significant, p > 0.05. Interaction between diet and vaccination was previously run and
was found to be nesignificant.
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Table 3.7. Cytokine and dectin mRNA expression in spleen of vaccinated and namccinated 21 day old glets*

Day 21, norvacinated | Day 21, vaccinated | Model pvalue®”
(Vaccination)

WGPO WGP90 WGPO WGP90

IL-2 1.0£#1.1* 1.3x1.7 12.445.9 2.5+2.4° |0.0321 (0.0056)
IL-12 1.0¢1.1 13.8+4.7 |6.3¥+3.9  2.8+1.4 |0.4981 (0.6394)
IL-4 1.0+0.5* 0.6x0.4 3.8+t1.%  1.3+0.7° | 0.0004 €0.0001)
IL-6 1.0+0.8  1.0x0.4% 3.1+1.1° 2.2+1.6 |0.0299 (0.001)

TNF-U |1.0403 3.3+2.7 5.3+1.5  2.1+1.7 |0.1388 (0.0451)
Dectin | 1.0£0.6* 0.6+0.4 43+2.8  1.4+0.6° | 0.0226 (0.0046)
TGED [1.0+0.3 1.9+2.7 6.4+45  1.6+1.0 |0.0500 (0.084)

! Data are expressed as mean + SD, relative to fold difference oéxeression in formula diet, day 21, reaccinated group.

’Day 21 norvaccinated animals were compared to day 21 vaccinated animals. Factors included in model were diet, vaccination, and
diet*vaccination interaction.

3 Different letters within theame row shows significance.
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Chapter 4

Individual and Combined Effects of Nucleotides and Human Milk Oligosaccharides
on Intestinal Cell Growth-Related Characteristics

Abstract

There are many components found in human breast milk that can mifestiral
developmenincluding nucleotides (NT) and human milk oligosaccharides (HMO). NT

are currently added to infant formula and HMO are being investigated as potential
additives. Both ingredients impact epithelial cell growth, however their combinedseffect

had not previously been examined. Herein, a fetal epithelial cell line {#Hist) was

used to determine the impact of NT and HMO on intestinal cell proliferation, apoptosis,
necrosis and cell cycle. Cells were incubated with media containing 2.5%kB80
epidermal growth factorHGF (Control); Fucosylactose (FL) mix [85% 2'FL/15%

3'FL], Sialytactose(SL) mix [40% 6'SL/10% 3'SL/50% SL] or LNnhat 125, 250, 500

or 1000 eg/mL with and without 250 eg/ mL N
and 22.0%GMP) for 24 or 72h.NT alonesignificantlyincreased proliferatiqgrbut did

not af fect cel l cycle or apoptosi s/ necr o:¢
significantly decreased proliferation and
Inhibition of proliferation increasedith longer HMO exposure (72h vs. 24h). When NT

and HMO were simultaneously added, NT reduced thepaoliferative effect of HMO.

FL mix treatments significantly increased ceéllghase and SL mix and LNnT treatments
significantly increased cells in G2/M and S phases which concomitdetseased cells

in GO/G1phase HMO with NT significantlydecreased the amount of cells in the G2/M
phase compared tdMO treatments alone Higher HMO doses significantly increased

the perentage of apoptotic and necrotic cells compared to control. The percentage of
necrotic and apoptotic cells were higher after 24h vs. 72h exposure to HMO. In
conclusion, HMO reduced cell proliferatiom vitro and this effect is partially
ameliorated by t presence of NT. It appears that HMO initially indlice
apoptosis/necrosis, which is later evidenced by G2/M cell cycle arrest and decreased
proliferation. Further studies are needed to determine whether HMO influence intestinal

cell growthin vivo.

62



Intr oduction

Intestinal epithelial cells are exposed to numerous dietary components that can
regulate growtkrelated characteristics. Human milk (HeQntains numerous bioactive
components that are thought to work in concert to promytienal neonatal devebment
(German et al., 2002and ngredients have been added to infant formula to more closely
reflect HM composition. Nucleotides (NT) are currently added to infant formula and
human milk oligosaccharides (HMO)eabeing investigated as potential additives. Both
ingredients impact epithelial cell growfklolen, 2004; Kuntz et al., 200&untz et al.,
2009) however their combinedfeicts had not previously been examined.

Nucleotides are low molecular weight compounds that consist of a nitrogenous
base (purine and pyrimidine bases), a sugar molecule (pentose),-Zamhdsphate
groups. They are components of HM and their contentNhisi higher than that of
bovine milk, from which most infant formula is made. The NT content of HM has been
found to be around 72 mg/L using the total potentially available nucleosides (TPAN)
analysis(Leach et al., 195). Currently, most infant formula is being fortified with
approximately 70 mg NT/L.

Dietary NT exert various physiological functions and may be of particular
importance for growth and development of tissues with rapid turnover rates, such as the
intestinal mucosa. Previous studies have shown that NT induce cell prolifaratboth
transformed (Cac@) and norransformed intestinal cells (IE€) (Holen, 2004
RodriguezSerrano et al., 200/7paticularly in cells that are ipartially serumdeprived
culture conditions.

At 12-15 g/L in mature milk, HMO are the third most abundant constituent of HM
(Coppa et al., 1993; Newburg, 2000)he composition of HMO is unique among species
and their concentration markedly higher than oligosaccharides in bovinéNmeikburg
et al., 2004 Kunz et al., 2000) Approximately 200 different HM@Bode, 2009)which
vary in size, structure, and abundance have been identified ifiGdlga et al., 1993)

The buildng blocks of milk oligosaccharides are the five monosaccharidg ddse,
D-galactose, Nacetylglucosamine,-fucose and SA. Lactose forms the reducing ends of
the HMO and lactose can Wacosylatedon the norr e duci ng -2e nadn-8i n0101
linkages to orm 2'fucosyllactose (2'FL) and 3'fucosyllactose (3'FL), respectively.
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Lactose can also bsalylatedon the nor e duci ng-3 e ad d i6dinkdges th2
form 3'sialyllactose (3'SL) and 6'sialyllactose (6'SL), respectively. More complex HMO
can be mde by different combinations of the five monosaccharides listed above.

Recent evidence suggests that HMO can alter the gnmhdted characteristics of
both transformed (HR9 and Cac®) and norransformed (HIEC) intestinal cells
(Kuntz et al., 2008 In HT-29 cells, all neutral and acidic oligosaccharides, except for
2'FL and 3'FLjnhibited cell growth.

Thus, NT increase epithelial cell proliferatiidolen E, 2004)while HMO have
an antiproliferative effec{Kuntz et al., 2008Kuntz et al., 2009) However, human milk
and infant formula contaimultiple ingredients that camodulate intestinal proliferation
Therefore, it is important to determine how NT and HMO would act in combination in
order to better understand how adding HMO to an infant formula already containing NT
may affect infant intestinal development. Based on the previous literature, we
hypothesized that NT alonewould increaseproliferation, HMO would decrease
proliferation, andvhen added together, NWould counteract the anprroliferative effects
of HMO. The celigrowth characteristics were further examined by determining NT and

HMO effectson cell cycle, apoptosis, and necrosis by using flow cytoovetethods.

Methods and Materials

Cell line

A primary intestinal cell line of human fetal origfHs-74 Int cellswas obtained from

the American Type Culture Collection (ATCC catalog no. €211, Manassas, VA).

Cells were maintained in 75 érissue culture flasks (BD Biosciences, Bedford, MA) in

46-X medium (ATCC, Manassas, VA) containiimggredients of ano di f i ed Dul bec
modi fied Eaglebébs medium ( DMEM), ntedsithl i n, 5
30 ng/mL epidermal growth factor (EGEpigmaAldrich, St. Louis, MO), 10% fetal

bovine serum (Gibco Invitrogen, Carlsbad, CA), 100 pg/mL penicillin, 100 pg/mL
streptomycin, and 50 pg/mL gentamicin (Life Technologies Invitrogen). This medium,

containing 30 ng/mL EGF and 10% FBS, will be referred to as full mediQ®lls were
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grown in atissue culture incubator (Forma Scientific, Inc., Marietta, OH) at 37 °C with a

humidified atmosphere of 5% GOMediawas changed every2days.

NT and HMO Treatments

NT and HMO treatments were added teXénediumcontainirg 2.5% FBS and no EGF,

which will be referred to as reduced medium, for proliferation, cell cycle, and apoptosis/
necrosis assays. Individuslalylated and fucosylateHMO were purchaseffom V-

Labs (Covington, LA) and combined intoFh mix (85% 2'FL[product no. L302] and

15% 3'FL[product no. L303]) and &L mix: (50% sialic acid (SA) [product no. N101],

40% 6'SL [product no. SL306] and0% 3'SL[product no. SL302, Covington, LA]).
Lacto-N-neotetraose (LNR) was donated by Abbott Nutrition (Columbus OH). The SL

mi X, FL mix and LNnT were t ewthedthat250125, 2
eg/ mL NT (43% CMP, 1 8 andl Z2.0% (BRIP) (SigBalddich). AMP ,
The FL and SL mix ratios were based onirigkconcentration of each HMO reported in

the literature and then calculating a ratio within each HM®. The NT doseof 250

eg/ mL was <chosen bas edshowng thaitevhsi theidos@athagy e X p €
significantly increased proliferatioabove ontrol (Figure 4.1) Theratio of NT in the

mixture was based on the ratio found M and supplemented to infant formylaeach

et al., 1995) HMO and NTtreatments were tested for lipopolysaccharide (LPS) with
Limulus Amebocyte Lysatéssay(LAL Assay (Lonza, Walkersville, MD).LNnT and

2'FL contained LPS above ththreshold level(>0.1endotoxin/mL), therefore samples
wereeluted through an Endotoxin Removing Gel (Thermo Scientific, Rockford, IL) and
then re-testel usingthe LAL Assay To determine the specificity of HMO on cell growth
relatedcharacteristics, we tested-galactose (Dextra, Reading, United Kingdom) and
lactose (Sigmaldrich, St. Louis, MO) at 1000 ug/mL on FH&g! Int cells. No changes

in proliferation, cell death and cell cycle were seen in cells treated wialtictese and
lactose. This demonstrateBViO can cause these effects in epithelial cells but not all
carbohydrates alone can cause these changes.
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Proliferation Assay

Cells (7,5004vell) were plated in 96vell plates(Corning, New York, NY) After initial
seedig, cells were grown in full mediuifi0% FBS, 30ng/mL EGHpr 24h, which was
replaced with reducenhedia (2.5% FBS, no EGF) for B4 Thereducedmedium was
removed andreplaced with reduced media containingT alone, HMO alonepr a
combination of NTand HMOfor either 24 or 72h No reagents or medium was added to

the cultures during the treatment per{&tgure 4.2). At the end of the experiment 2 0 ¢ |
of CellTiter 96® Aqueous One Solution Reagent (MTS and PES) (Prorveghson,

WI) was addedtoeachwgd ccor di ng t o manuf aandincubatedd s g et
at 37°C for 3h. The absorbanae490nmwas read on a spectrophotometer (Sp&tdra

M2e, Molecular Devices, Sunnyvale, CA). Data @xpressed as a percentajeontrol

(media alone)

Cell Cycle Assay

FHs74 Int cells (80,000/ well) were platad to 24well plates(Becton Dickinson,
Franklin Lakes, NJ) After initial seedng, ells were grown in full mediunfl0% FBS,
30ng/mL EGF) and allowed to adhere for 24h. Thereafter, medium was replaced with
reduced media (2.5% FBS, no EGF) for 24h. Then the medium was replitbed
reduced media containingT alone, HMO alone, or a commation ofNT and HMOfor

24 and 72h The cells were removed from the plate by incubating withsinrEDTA
solution 0.25%(SigmaAldrich) for 5min at 37°C pelletedby centrifugation at 5009 for

5min and washed twice with PBS. Cells were then fixeduspending the cells in 70%
ethanol at20°C for 24h. Thereatfter, the suspension was centrifuged for 5min at 500g,
and the pellet was washed twice with PBS. After washing and centrifugation, cells were
incubated andtained withO . 5 mL (5 € g/ mL (Pl (BignaApldrich) farm 1 o d i
30 min at room temperature. Cell cycle analysis was performed using a LSRII flow
cytometer (BD Biosciences, San Jose, CApd analyzed using FlowJo version 7.0
software (FlowJo, Ashland, OR)Ihe first peak represesd cells in the GO/G1 phase of

the cell cycle, the second peak represéntlls in the G2/M phase. The intervening cells

between the peaks are in thelsase of the cell cyclgigure 4.3).
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Apoptosis and Necrosis Assay

FHs74 Int cells (80,000/ well) were plated in 2ell plates(Becton Dickinson) and
treated as described for cell proliferation assaihe cells were trypsinize@Sigma
Aldrich), pelleted by centrifugation at 500g for 5min and washed twice with PBf&
cells werethen stained for apoptosis and necrosis using the Am&khUOS Staining
Kit (Roche Indianapolis, IN, as described by thmanufacturer. This kit stained with
both AnnexinV and PI. Labeled AnnemiV, with its high affinity forphosphatidylserine
(P9, is a sensitive probe fd?S exposed on the outer layer of apoptotic cefsnce
necrotic cells also expose PS as a result of lost membrane integrity, Pl is utilized as a
DNA stain to distinguish necrotic cells from apoptotic AnneXitabeled cell clsters.
Staining was assessed using a LSRII flow cytometer (BD BiosciencEsg. relative
proportionof apoptotic and necrotic populations was determined using Floes3on
7.0 software (FlowJa)Figure 4.4).

Statistical Analysis

Statistical analysewere performed using SAVersion 6.09, SAS Institute, Cary, NC)

All data was analyzed by&ay ANOVA using GLM procedure to determine the effects

of HMO treatments, NT treatments and their interactions. In the event of a significant
main effect, a pogioc Least Significant Difference test was used. Statistical significance
wasdefined as p<0.05. Data are presented as ;\&in

Results
Proliferation Assay
NT alone increased proliferation (p=0.0032) and, at the highest dose (1000 pg/mL), all
HMO treaments significantly reduced proliferation at 72h. The degree of inhibition of
proliferation increased (p=0.0365) with longer HMO exposure,(Table 4.1A)vs. 24h
(Table 4.1B) Overall, these data demonstrate a eibsendent and timgependent
growth nhibition response to HMO. The 72h data is also presenté&tjiure 4.5 to
illustrate the dos@ependency and interaction with NT. All FL mix doses significantly
decreased proliferation compared to media alone. The addition of NT abolished-the anti
prdiferative effect of the FL mix. A dose response was seen for SL mix treatments. The
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500 and 1000 pg/mL SL mix treatments significantly decreased proliferation. The 250
and 1000 pg/mL SL mix doses with NT significantly decreased proliferation in
comparisn to control, which shows NT did not relieve the inhibition as much as with FL
mix. A dose response was seen for LNNT treatments, only 500 and 1000 pg/mL LNnT
significantly decreased proliferation, but only 1000 pg/mL with NT significantly
decreased pridération. The addition of NT decreased the gmtliferative effects at the

LNNT higher doses.

Cell Cycle Analysis

Although NT increased proliferation rate, they did not affect the distribution of cells in
each phase of the cell cycle compared torobntHMO had greater effects on cell cycle
phases at 24{Trable 4.2A)than at 72Table 4.2B) so only 24h data will be presented

as a figure to simplify data presentatiffrigure 4.6). FL mix treatments without NT
significantly decreased cells in GO/Gihase and increased cells in S phase. The
percentage of cells in G2/M phase was not significantly affected by FL mix. SL mix at
500 or 1000 pg/mL without NT had decreased GO/G1 phase cells and increased S phase
cells. The percentage of cells in G2/Magk only increased at highest doses of SL mix,
500 and 1000 pg/mL, without NT. GO/G1 dewead and S phase increased_.MnT
treatmentsvithout NT. LNNT treatments with NT still had increased cells in S phase, but
did na see significant decrease in /GQ and increase in G2/M phas@®verall, HMO
increased the percentage of cells in the G2/M and S phases and concomitantly decreased
the cells in the GO/G1 phase.

Apoptosis Assay

NT alone did not induce apoptosis or necrosis. A dlesponse was seen when

examining the effect of all HMO treatments without NT on apoptosis and necrosis at 24h.

Overall, the percentage of apoptotic and necrotic cells was significantly higher at 24h

(Table 4.3A)than at 72K{Table 4.3B) so only 24h data is shown in figuffeigure 4.7)

Higher HMO doses with or without NT significantly increased the percentage of

apoptotic and necrotic cells compared to control. NT alone did not induce apoptosis or

necrosis. The addition of NT decreased the highest dose of FL mix apoptdtic a
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necrotic impact. NT did not decrease SL mix ability to induce apoptosis and necrosis,
but the addition of NT decreased the percent of apoptotic and necrotic cells at all LNNnT
doses. Overall, higher HMO doses with or without NT dramatically incredsed t
percentage of apoptotic and necrotic cells compared to control.

Discussion

The neonatal intestine undergoes rapid growth and functional development in the
early postnatal periodwWhile growth is driven primarily via crypt stem cell proliferation,
apoptosisplays an important role in homeostasisimestinal epithelia (Potten, 1997)
Human milk components support appropriate intestinal development by promoting both
growth and functional differentiatioDonovan, 2006) Recent studies have suggested
that HMO function to dowaregulate intestinal ptiferation (Kuntz et al., 2008
However, human milk contains a variety of components that may moderate this effect.
Herein, we specifically investigated the interaction between HMO and NT.

A concentratiordependent inhibition of growth in FH&! Int cells by both
neutral and acidic HMO was observed, which was partially reversed when NT were
added to the culture mediaTo understand the effects of HMO and NT on grewth
associated events of intestinal cells, flow cytometric analyses were carried out to examine
cell cycle and apoptosis/necrosis. It appeared that HMO initially ingced
apoptosis/necrosis, which wésder evdenced by G2/M cell cycle aseand decreased
proliferation.

The observed concentratig@pendent inhibition of growth by both neutral and
acidic HMO is consistenwith previous reports in whichifferent HMO treatments at
1000 pg/mLwereantiproliferaive in HT-29, Cace2 and HIEC cell linegKuntz et al.,
2008. Individual treatments with 2'FL and 3'Flecreased proliferation of HA9 cells
by 20.0 and 17.2% by, respectively, but neither decreased proliferatiGace2 or
HIEC cell lines. Herein, the FL mix decreased FHsint cell proliferation by 30.2%.
Kuntz and colleagues also reported that theiadtMO 3'SL and 6'SL significantly
decreased proliferation, by an average of 30.8% in all cell lines, whiobnsistent with

the 24.7% decrease in FH4 Int cell proliferation in the current study.
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Accumulation of cells in the G2/Mtage of the cell cycle in response to HMO
treatmentss consistent with what has been reported previously in the literatimng
different epithelial cell linegKuntz et al., 2009) Kuntz and colleagues demonstrated
that this increase in cell cycle stage was causdddrgased cyclin B mRNA expression
levels, which is a cell cycleegulatoryprotein that is generally induced at the G2/M
transition and becomes deactivated as the cell exits mifbsescell cycle arrest appears
to occur through neutral and acidic oligosaccharides interacting with epidermal growth
factor receptor (EGFR), whiclwas determined by measuring signal transduction
pathways through a protein profiling array to detect different phosphorylation events.
This interaction with the EGFR then activates ERK1 and p38 pathways, which cause an
increase in cyclin B mRNA, which dels to the G2/M cell cycle arrestOur data
demonstrate that all HMO treatments decreased the percentage of cells in GO/G1 phase,
which was also shown by Kuntz and colleagues (2009). Our data also showed that higher
concentrations of FL mix treatments iaased the percentage of cells in S phase, and SL
mix and LNNT treatments increased the percentage of cells in G2/M and S phases.
could indicate that different HMO act on different stages of the cell cy€letz and
colleagues (2009) did not sedstts phase accumulation in HIEC and Ga&coells in
response to being treated with HMO.

In previous studies, caspal3avas used to assess apoptosis activity at 24h in cells
treated with HMO. Apoptosis was induced in 49 and HIEC cells, but not Caéb
cells, by neutral HMO at 15 mg/mL, which is above the concentration in human milk.
However, acidic HMO fractions and individual compounds of the oligosaccharides at
1000pg/mL did not change caspaSectivity (Kuntz etal., 2008. Caspase 3 is an early
marker of apoptosigWenzel et al., 2000pnd was reported at 24h by Kuntz and
colleagues. It is unknown if this research group measured other time points than 24h
because our daghowed a significant increase in both apoptotic and necrotic cells at 24h
when treated with HMO at concentrations tested in previously reported study and the
percentage of cells undergoing apoptosis was higher at 24h than 72h. It could be that
apoptosisvas not occurring in their cells until a later time point. The-F#éidnt cells
may be more sensitive to HMO than the cell lines previously analyzed by Kuntz and
colleagues (2008).

70



A limitation of this current study is that a cell line already iderditie@ show anti
proliferative and low apoptotic effects from HMO treatments was not used
simultaneously with the FH84 Int cells. Additionally, we analyzed cells for apoptosis
and necrosis after 4h of HMO and NT treatments, and apoptosis and necrosist was
different from control cells indicating that there was not an immediate cytotoxic impact
on the cells. We also measured apoptosis and necrosis when cells were treated with
HMO in full medium, rather than reduced medium and similar levels of apoptogis
necrosis were observed as in the reduced media, indicating that apoptosis and necrosis
would have occurred even in a Routrition limiting environment.

Previous studies have shown that HMO induce differentiation of28iTand
HIEC cells, but not in @co2 cells, by measuring alkaline phosphatase activity as a
marker for differentiatior(Kuntz et al., 2008 However, we utilized FHg4 Int cells,
which are genotypically more similar to immature enterocgdes et al., 2010) Since
the FHs74 Int cells are similar to stefike cells, they do not express markers of
differentiationin vitro, (Chao & Donovan, 1996which is a limitation to tls study.

FHs74 Int cells had to be treated in reduced medium to see NT proliferative
effects.  Preliminary experiments showed that exogenous NT did not stimulate
differentiation unless the medium had decreased FBS and no EGF. It has been
previously repaed that Cac@® and IEG6 cells did not seem to benefit from exogenous
NT supply unless nutrition supply was limitédolen, 2004) One can extrapolate that a
rapidly growing neonate could have limited nutrtisupply even with adequate breast
milk or infant formula intake. This can explain why N@ipplemented formula increased
intestinal growth and immune function compared to formula alpbopezNavarro et al.,

1996; Uauy, 1989) Thus, our cell culture model is representative of a rapidly growing
neonate who would benefit from exogenous NT, since endogenous NT may not be
sufficient to sustain maximum intestinal growth.

In summary, we observed@monounced growth inhibition effect on FH4 Int
cells by both neutral and acidic HMOLhe presence of NT, a routine addition to infant
formula, inhibited many of the effects of HMO on cell proliferation and cell cycle, but
not apoptosis and necrosisThus, the inhibitory #ects of HMO alone may not be
physiologically relevant within the matrix of human milk or infant formula. It is
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important to consider how the different additives to infant formula are acting together to
develop improved infant formi@. The greatest influence on the environment of the
intestinal epithelium is diet, so understanding how infant formula ingredients influence
intestinal gene regulation and growth characteristics is impof&anerson & Naik,
2000) It is remarkable that two ingredients, readily found in human breast milk, tested in
the present study can act so differently on the greeldited characteristics of intestinal
cells. In vivo studies are needed to define the efferft HMO alone and HMO and NT

together on intestinal growth characteristics.
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Figures

Figure 4.1 NT dose response onrgliferation. Cells were treated with different doses
of NT in reduced media for 72h. 2%@/mL dose was chosepecause it increased

proliferation above media treated cells without a large standard deviaidaia is
presented as mean, percentage of control + SD.
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Figure 4.2 Cell Culture Protocol. After initial seedim, cells were grown in full
medium(10% FBS, 30ng/mL EGF) and allowed to adhere for 24h. Thereafter, medium
was replaced with reded medium(2.5% FBS, no EGF) for 24 h. Then the medium was
replaced and cells were exposed to different treatments of NT alone, HV§ @ a
combination of NTand HMO in reluced medium for 24 and 72hNo reagents or
medium was added to the cultures during the culture period.
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Figure 4.3 Representative histogram of flow gtometric analysis of the cellular DNA
content in FHs-74 Int cells, stained with propidium iodide. The first peak represents

cells in the GO/G1 phase of the cell cycle; the second peak represents cells in the G2/M
phase. The intervening cells between the pesksahe Sphase of the cell cycle
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Figure 4.4 Flow Cytometry gating procedure for apoptosis and acrosis. (A) All

cells were selected on the side scatter vs. forward scatter plot. (B) Shows Annexin vs. Pl
staning. Cells in bottom left quadrant were considered live cells (Anrek)n bottom

right quadrant were considered apoptotic cells (Annexi);+Bhd upper right quadrant

cells were considered to be necrotic cells (Annexin+Pl+). Annexin i€ adépenent
phospholipidsbinding protein with high affinity for phosphatidylserine and is a marker
for apoptosis. PI stains for DNA, and allows for discrimination of necrotic cells stained
positive for Annexin.
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Figure 4.5. Dose dependent inhibition of proliferation by HMO is ounteracted by NT at 72 hours. Data is presented as mean,
percentage of control. All FL mix doses significantly decreased proliferation and the addition of NT abolished thif\etfess.
resporse was seen for SL mix treatments, and the addition of NT decreased thmkifetiative effects. A dose response was seen

for LNNT treatments, and the addition of NT decreased thepavitferative effects at the higher dos&sach value representseth
mean from 2 independent experiments (n=3).
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Figure 4.6 Cell Cycleresults at 24 hours.Data is presented as percent of cells in each
cell cycle sage. FL mix treatments decreased GO/G1 phase and S phase was increased in
all treatments exapt lowest and highest FL mix dose. G2/M was not significantly
affected by FL mix High SL mix treatments without NT had decreased GO/G1 phase
and increased S phase. G2/M only increased at higher doses of SL mix without NT.
GO/G1 decreased and S phasereased with LNnT treatments. G2/M increased with
LNNnT treatment but NT abolished this effect. Each value represents¢ba from 2
independent experimenfs=2).
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Figure 4.7. Dose esporse for apoptosis and recrosis at 24 hours (A) Data is
presented as mean percentage of cells undergoing apoptosis. A dose response was seen
when examining the effect of all HMO treatments without NT on apoptosis. The addition

of NT decreased the highestse of FL mix apoptotic impact. NT did not decrease SL

mix ability to induce apoptosis. NT decreased the percent of apoptosis at all LNNnT
doses. (B) Data is presented as mean percentage of cells undergoing necrosis. A dose
response was seen when exangnthe effect of all HMO treatments without NT on
necrosis. The addition of NT decreased the highest dose of FL mix necrotic impact. NT
did not decrease SL mix ability to induce necrosis. NT decreased the percent of necrosis
at all LNnT doses. Each wa represents the mean from 2 independent experiments
(n=2).
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Tables

Table 4.1: Dose dependent inhibition of proliferation by HMO is counteracted by
NT at (A) 24 and(B) 72 hours %3

A

HMO Treatment HMO (pug/mL) No NT NT (250 pg/mL)*

Contrd 100 +0 131.7 + 8.7

FL mix 125 127.8+16.5 110.5+27.7
250 121.7 +287 109.2+9.9
500 129.8+415 112.4+124
1000 111.2+27.2 127.0+28.8

SL mix 125 94.A11.1 105.4:13.6
250 76.4t5.6* 97.9+16.8
500 74.3t12.8*  108.#11.3
1000 76.6£7.8* 103.314.2

LNNT 125 101.37.6 86.8t6.3
250 99.9+9.2 89.7438.8
500 103.4:9.5 72.9t8.4*
1000 87.9t10.6 97.2t17.4

B

HMO Treatment HMO (ug/mL) No NT NT (250 pg/mL)’

Control 100 +0 140.6+39.9

FL mix 125 82.9t21.6* 134.%27.7
250 87.4t33.17* 123.29.9
500 86.6t6.3* 106.A#12.4
1000 69.8:20.5* 113.A#28.8

SL mix 125 116.423.5 88.+17.5
250 95.1+6.7 77.1+20.4*
500 82.9+14.3* 90.A20.7
1000 75.3t15.2* 81.9+20.6*

LNNT 125 121.217.6 108.89.6
250 115.825.6 90.4:3.8
500 86.8:39.0* 110.5:4.9
1000 76.6:27.1* 64.9:14.3*

T Each value represents the mean + SD from 2 independent experiments (n=3).

>Means differ from control (*p<0.05).
*The growth inhibition is presented as % of control.
“NT concentration was 250pg/mL for each treant.
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Tablelgéz: Percentage of cells in each phase of the cell cycle in response to NT and HM#tments at (A) 24 and (B) 72
hours™

A
GO0/G1 S G2/M

HMO Treatment HMO No NT NT No NT NT No NT NT

(ng/mL) (250 pg/mL) (250 pg/mL) (250
Hg/mL)

Contol 92.8+0.1 92.4+0.8 2.8+0.3 3.5+0.9 3.1+0.3 3.3x0.4

FL mix 125 87.5+2.4 87.5+2.4 6.3+1.5 10.5+0.1* 51+1.1 6.1+1.0
250 80.2+1.1* 83.5+0.8 10.9+0.2* 9.6%1.2* 6.7£1.2 5.9+1.2
500 83.0+1.7* 82.8%0.6 10.0+1.3* 10.5#1.1* 56+1.9 5.340.3
1000 88.9+5.3 88.9#5.3 5.4+2.8 8.7+5.4* 4,742.3  3.840.7

SL mix 125 90.6+4.2 87.8%4.2 4.5+2.8 5.9+0.6 4.2+1.7 4.1+14
250 90.0+3.4 83.8+4.8* 5.0£1.6 9.4+2.0* 3.5+1.8 55+2.7
500 82.8+0.4* 88.2+0.3 9.6+1.3* 6.5+0.8* 6.4+1.6* 3.9+0.1
1000 78.5+1.6* 89.2+1.2 12.8+1.6 5.6+0.1 6.6£0.2* 3.7+0.2

LNNT 125 74.4+4.2* 90.7+0.9 15.3+3.6* 4.1+0.3 8.3+0.9* 3.6+0.9
250 83.9+6.6 91.5+0.6 9.8+£3.2* 4.24+0.6 5.3t3.5 3.0+1.2
500 81.4+1.6* 86.4+0.9 11.2+0.8* 8.5+1.2 6.2+0.6* 4.1+0.3
1000 78.249.1* 85.2+0.7 14.4+7.9* 10.2+1.3* 5.6+0.6* 3.8+0.6
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Table 4.2 continued

B
GO0/G1 S G2/M

HMO Treatment HMO No NT NT No NT NT No NT NT

(ng/mL) (250 pg/mL) (250 pg/mL) (250
pg/mL)

Control 96.3x1.0 96.4+0.3 0.7+0.3 0.6+0.3 2.3t0.1 2.5+0.2

FL mix 125 87.2+2.1 5.6+0.1* 5.5+04*
250 92.0+1.5 87.9+1.3 1.6+0.3 6.4+2.2* 4.0+0.8* 4.4+0.5*
500 91.6+0.3 88.0+3.5 2.2+0.7 4.1+2.3* 4.0+0.7* 4.6+1.2*
1000 94.9+0.1 93.9#1.9 0.8+0.4 1.0+0.4 2.9+0.3  3.7+0.9*

SL mix 125 90.6+4.2 87.8%4.2 4.5+2.8* 5.9+0.6* 4.2+1.7 4.1+14
250 90.0+34* 83.8%4.8 5.0+1.6* 9.4+2.0* 3.5+1.8 5.5+2.7*
500 82.8+0.4* 88.2+0.3 9.6+1.3* 6.5+0.8* 6.4+1.6* 3.9+0.1
1000 78.5+1.6* 89.2+0.1 12.8+1.6* 5.6%+0.1* 6.6£0.2* 3.7+0.2

LNNT 125 91.6+1.3* 93.2+2.0 2.4+0.9 2.4+1.8 2.8+2.3 2.1+0.1
250 91.8+2.6* 89.1+4.5* 3.1+0.2 5.6+5.8 2.7+1.4 2.8+1.4
500 87.9+1.3* 89.8+2.3* 4.3+1.5 3.4+0.9 2.7+0.1  3.9+0.7
1000 93.2+0.3 89.8+0.1* 0.6+0.1 2.1+0.1 4.0+0.3 4.4%+0.3

T Each value represents the mean + SD from 2 independent experiments (n=2).

>Means differ from control (<0.05).

3NT concentration was 250pug/mL for each treatment.
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Table 4.3:Percentage of ells undergoingapoptosis and mcrosis at(A) 24 and(B) 72 hours™

A
Apoptosis Necrosis
HMO HMO No NT NT No NT NT

Treatment (ug/mL) (250 pg/mL) (250ug/mL)

Control 2.510.2 2.1+0.3 5.0+0.1 4.9+0.6

FL mix 125 7.7+2.3 10.24+0.3 6.1+0.8 8.9+0.5
250 4.3+0.3 5.5+0.3 4.3+0.8 5.9+0.8
500 11.2+4.9* 13.7+2.4* 13.5+4.3* 10.8+1.2
1000 22.2+1.3*  17.9+0.3* 21.9+2.3* 13.4+0.3*

SL mix 125 3.1+0.2 2.7+0.4 5.5+1.1 5.2+0.1
250 4.5+1.5 7.3£3.1 5.5+0.6 12.7+5.5
500 11.7£0.9*  6.6x0.9 9.6+0.3 7.9+0.7
1000 10.8+0.6*  14.8+2.8* 8.1+0.4 21.9+5.5*

LNNT 125 3.3+3.2 3.0+0.2 16.910.6 5.3+0.5
250 14.5+1.0*  3.840.1 23.5+1.6* 4.4+0.3
500 15.6£5.2* 7.9t1.4 28.2+4.4* 12.84+0.9
1000 17.6+£2.7*  15.2+0.5* 29.2+6.9* 12.5+1.2
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Table 4.3 continued

B
Apoptosis Necrosis
HMO HMO No NT NT No NT NT
Treatment (ug/mL) (250 pg/mL) (250 pg/mL)
Control 1.0+£0.2 0.940.1 3.310.5 2.4+0.2
FL mix 125 2.4+0.1* 4.7+0.1* 1.8+0.5 11.3+0.5*
250 1.5+0.1 3.1+0.1* 1.4+0.1 5.8+1.2*
500 1.9+0.4 2.4+0.5* 2.0+0.5 11.5+0.2*
1000 1.0£0.5 1.9+0.1* 1.0£40.0 8.1+1.2*
SL mix 125 1.8+0.1 1.310.4 2.8+0.5 2.3%#0.2
250 0.9+0.4 2.3+0.8 2.5+0.3 4.3%#1.3
500 2.8+0.2*  1.3+#0.2 3.0£0.7 3.240.2
1000 2.710.6 1.34#0.3 3.310.1 4.0#0.5
LNNT 125 5.6+0.1* 0.74#0.1 3.6£0.2 2.5#0.1
250 4.8+1.5* 0.4+0.0 2.910.4 1.9+0.3
500 4.3+0.3*  6.3+0.4* 4.6+£0.7  7.6x0.6*
1000 2.74¢1.0*  5.0+0.8* 2.5+0.4 6.6%£1.9

! Each value represents the mean + SD from 8prddent experiments (n=2).

>Means differ from control (*p<0.05).

3NT concentration was 250pug/mL for each treatment.
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Chapter 5

Human Milk Oligosaccharides Inhibit Acute Rotavirus Infection with No Effect of
Nucleotides in Neonatal Piglets

Abstract

Nucleotides (NT) are currently added to infant formula, and human milk oligosaccharides
(HMO) are being investigated as potential additives. Herein, the interaction between
chronic NT feeding and acute HMO treatment within the ileal lumen of both healthy
acutely rotavirus (RV)nfected piglets was studied.Piglets (n=9 group) wer fed
formula containing 64 mg NT/L (FFor 314mg NT/L (FF+NT)from d2to 21 of age.At

d21, a midline laparotomy was performed and sicitDloops of ileum were isolated

situ. The following treatments were injected into the loops: media, 2 mg/mL neutral
HMO (LNnT), 2 mgmL acidic HMO mixture (aHMOsialic acid(SA), 6' sialyllactose

(SL), 3'SL), or each treatment $A dependent OSU strain RV (1 x 1BFU). After 6h,
sanples were collectedBody weight,formula intake jejunum villus length/crypt depth

ileal proliferation, ileal macrophagesd T cell phenotypes were unaffected bstaty

NT. Loops treated with eithedMO treatments+ RV had lower RV replication, as
asessed by NSP4 mRNA expression, tRAftreated loops alondleal loops not treated

with RV showed no NSP4 expressionhere was no difference the mRNA expession

of NF-e p TNFU ,CCL2 or IL-1f in ileal mucosa as analyzed by loop or dietary
treatment However,NT fed piglets hadignificantly greater 11-8 ileal mucosanRNA
expression than formula piglets and aHN@p treatment significantlyncreasedL -8
MRNA expressiomompared ta@ontroltreatedoops Thus, chronic dietary Nonly had

minor effects on the parameters measured, but HMO decreased NSP4 replication during
acute RV infection.
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Introduction

Human milk (HM)contains numerous bioactivermponents that are thought to work
in concert to protect the infant against infect{@erman et al., 2002)Ingredients have
been added to infant formula to more closely reflébt composition(Hernell, 2011)

The immunomodulatory effects of nucleotides (NMHplen et al., 2005pr human milk
oligosaccharides (HMO(Bode et al., 20043eparately have beenviestigated, but little

is known about the immunomodulatory efficacy of NT or HMO when they are used in
combination as infant formula ingredientST are currently added to infant formula and
HMO are being investigated as potential additig€lichlowski et al., 2011) These
ingredients have not been evaluated in their ability to reduce rotavirus (RV) infaations
Vivo.

Nearly all children experiencat least oneRV infection by the age of 5 years
(Bernstein, 2009) Rotavirus causes symptoms such as diarrhea, vomiting, andTfeeer
incidence of RV infection is similar for developed and developing countries, but death is
more frequent in developing countriesiith more than 600,000 deaths annually
worldwide (Desselberger et al., 2009Yaccination is the main public health intervention
to combat RV infection andince 2006two vaccines have been approved for use in
many countries, including the United Stat&&ccination accessibility to all populations,
especially in developing countries, is low therefore it is important to continue
investigating alternative cost effective strategies including nutritional interventions t
reduce the occurrence of RV infections.

Using the total potentially available nucleosides (TPAN) anatysithod the NT
content ofHM was found to be 72 mg/l{Leach et al., 1995)and this is the amount
supplemered to infant formulaA beneficial effect of NTon gastrointestinal tract growth
and function has beeshownin several animal studied.opezNavarro et al., 1996)
(Ortegaet al., 1995) Clinical studies haveshownthat adding NT toinfant formula
improved the vaccination response relative to infantsctedrol formula (Pickering et
al., 1998; Schaller et al2004) Infants fed N¥supplemented formula had higher
numbers and percentages of cytotoxic T cells, natural killer (NK) cells, and T

lymphocytes positive for intracellular IFbland for IL-4.
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HMO are complex carbohydrate structures attached to a lactose moiety at the
reducing end.HMO are the third most abundant constituent of HM and HMO are found
in concentrations of 12 15 g/L in HM (Coppa et al., 1993; Newburg, 2000)The
composition of HMO is unique relative to other species and markedly higher than bovine
milk (Newburg et al., 200&Kunz et al., 200Q)and around 200 different HMO have been
identified in HM (Bode, 2009Which vary in size, structure, and abunda(€eppa et al.,
1993) The building blocks of itk oligosaccharides are the five monosaccharides: D
glucose, Dgalactose, Macetylglucosamine, Hucose, and SA. Lactose forms the
reducing ends of the HMO and | actose2 can b
a n d -3 lihkages to form 2'fucosyttose and 3'fucossyllactose, respectively. Lactose
can also be sialylated on the aore d u ¢ i n g -3 e radch d icenlirkiay2s Wo2form
3'sialyllactose and 6'sialyllactose, respectively. More complex HMO can be made by
different combinations of the fiv@onosaccharides listed above.

HMO have been shown to have an inhibitory effect on certain pathogenic
microorganisms, by blocking adhesion of the pathogenic microorganisms to the epithelial
surfacegRuiz-Palagos et al., 2003) The soluble glycans found in HM inhibit pathogens
from binding to their host ceBiurface glycans and are associated with significant
protection from diarrhea in breast fed infariddewburg et al 2005) RV must be
recognized by glycoconjugate receptors located on the ‘ipasof enterocytes to cause
infectivity. Both porcine and human strains of RV bind to sialyllactose oligosaccharides
on cell membranes (Rolsma et al., 1998). Interraptibthe virus binding to host cells
by using receptor mimics provides an opportunity to stop theetioius cycle. Various
sialylated glycoproteins at concentrations of110 0 e g/ mL have the abili
infection, if preincubated with the virus prior to cell infectidsa et al., 2006) Previous
work in ourlab had shown that specific HMO can inhibit RV infectivityvitro (Chen et
al., 2011) Infectivity by OSU strain RV was doskependently inhibited by a complex
HMO mixture isolated from preterm human milkSB and 65SL, but not by LNnT, EL,
3'FL or a combination of polydextrose and galactooligosaccharides (PDX/GOS). At a
dose of 2 mg/mL, 'SL inhibited OSU strain RV by 20% antS6 inhibited RV by 50%.

The initial epithelial cell is infected by RV and virus andaViproteins are
released. The viral nonstructural protein NSP4, an enterotoxin, has been found to have
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toxin-like activity to induce diarrheéRamig, 2004) The NSP4 mRNA activitwill be
measured to determine RV tigation in this study Rotavirus infection causes the rapid
activatonof NFe b and t he dofdiactedicytakines, such abtE(Rollo et

al., 1999) These cytokines are known to attract and activate immune(8ebsedo et

al., 2006) Indeed, the frequency of intestinal dendritic cells (DC) (both plasmacytoid
and conventional) and macrophages/monocytes are higher imdeMlated piglets
compared to controls on days 2 and 4 post infe¢tBonzalez et al., 2010)

The ultimate goal will be to add HMO to formula, however, curreRtiO are
extremely epensive, and it would be cost prohibitive to add HMO to formula. Therefore
we developed an acuggglet RV infection model in which RV is introduced into section
of intestine along with different HM@s the first step in detmining which HMO
fraction wouldbe most efficaciousn vivo. A piglet necrotizing enterocolitis model
developed by Di Lorenzand colleagueéDi Lorenzo et al., 1995)and used previously
in our lab(Gorski et al., 2002)was modified to serve as an acute RV infection model for
this study.

The overd objective of this study was to assess how chrdilicsupplementation
and acute treatment with HMO in the ileal lumen impact both healthy and acutely RV
infected piglets. Théypothesisvasthat NT would increase overall immune response
(Grimble & Westwod, 2001) and HMO treatmemtould decrease RV infectivity by
inhibiting RV infection (Chen et al., 2031Newburg, 2004; Rolsma, 1998)To our
knowledgeno previous studies have examined the interaction between NTN@dard

HMO effect on RV infectionn vivo.

Methods and Materials

Animals

The study design is depicted Higure 5.1. Piglets (n=18) wereobtained from

University of lllinois Swine Research Center after receiving 48 hours of colostrum from

the sow. Theywere a reared on nomedicded, sowmilk replacer (Milk Specialties

Global Animal Nutrition, Carpentersville, Il8ither naturally containing 64 mg NT/L at a

ratio of NT; 34.3% cytidine monophosphate (CMP), 25.2% uridine monophosphate

(UMP), 19.5% adenosenmonophosphate (AMP), and 21.0% guanosine monophosphate
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(GMP) (FF; n=9 or nonmedicated sownilk replacer + additional 30 mg/L NT
(FF+NT; n=9 until 21-daysof age(Table 5.1). The NT mixture added is based on the
ratio of NT found in breast milk andigplemented to infant formyld3% CMP, 18.5%
UMP, 16.46 AMP, and 22%GMP (SigmaAldrich, St. Louis, MO) Piglets were
individually housed in cages capable of maintaining six piglets separated by Plexiglas
partitionsin environmentallycontrolled rooms (8°C). Radiant heaters were attached to
the tops of the cage to maintain an ambient temperature of 30°C. Formula was offered 20
times daily at a rate of 360 ml/kg BW/day. The piglets were monitored for normal
growth and food intake, as well as the preseof fever, diarrhea or lethargy. The
following scale was used daily to score stool consistency; 1=firm/no diarrhea 2=stiff
flowing 3=easyflowing/loose 4=watery/diarrhea 5=severe diarrhea. All animal
procedures were approved by Institutional AnimaleCand Use Committee of the

University of lllinois.

Acute RV Infection
Pigletswerefasted 8h prior to being sedated by intramuscular injectidetaimine (2.2
mg/kg; Bioniche Pharma USA LLC., Lake Forest, IL) and xylazine (2.2 mg/kg; Akorn,
Inc., Decatu, IL) and maintained under isoflurane (98%/2% isoflurane) for 6h.
Twenty-four hours prior to sedatiopjglets were injected with 2.5 mg/kg bodyweidht
ethyyl2'-deoxyuridine (EdU; InvitrogerEugene, OR)a nucleoside analog of thymidine,
to permitthe evaluation of intestinal cell proliferationA midline laporatomy was
performed and six 26m loops of ileum were isolated situas described b{Di Lorenzo
et al., 1995)and previously conducted in our labtory (Gorskiet al., 2002) Briefly,
beginning at the ileatecal junction, 1&m sections were measured and loops were
formed by tying the intestine with suture (Deknatel Silk Surgical Suture, Research
Triangle Pak, NC). Approximately icm sections were kept between each loop. The
following treatments were injected into the loops in the amount of 2mL per loop: media,
2 mg/mL neutral HMO (LNnT)donated by Abbott Nutrition, Columbus QH) mgmL
acidic HMO mixture(aHMO) [40% 6'SL(V-Labs product no. SL306, Covington, LA)
/10% 3'SL(V-Labs product no. SL302, Covington, LA&0% SL(V-Labs product no.
N101, Covington, LA)],or each treatment A dependeniporcine RV strain OSU

89



(P9[7],G5) obtained from Kuhlenschmiditb who obtained it from American Type
Culture Collection(1 x 10 focus forming units/mLRFU)) (Figure 5.2). TheOSU strain

RV was activated prior to injection byreating it with crystallizedrypsin at a final
concentration of 10 pg/mL for 30min aZ& (Invitrogen Gibco, Grand Island, NY
which is requiredo permitRV penetration of cell membranes following cell attachment.
The acidic HMO mixture ratio was calculated by completing a literature search on the
concentration of each HMO found in humhbreast milk and then calculating a ratio
within acidic HMO mix. The order of the treatments among the 6 loops were randomized
between piglets. Six hours after treatment injectiguiglets vere euthanizedby an
intracardiac injection of 60mg/kg BW sodiu pentobarbital (Euthanasta solution;
Vortex Pharmaceuticals, Dearborn, Mipdblood was collected by cardiac puncture into
plain vials for serum isolation and hepalated vials (BD Biosciences, Franklin Lakes,
NJ) for isolation of mononuclear cellsThe entire intestine was removed, flushed with
ice-cold saline, weighed and measured. Sampl&sdh) of jejunum and the ileal loops
were either snap frozen in liquid nitrogen, fixed in Formalin solution, or opened

longitudinally and mucosa scraped dahdn snap frozen in liquid nitrogen

Isolation and Phenotypic Identification of Mononuclear Cells
Peripheral blood mononuclear cells (PBM®@jere isolated by density gradient
centrifugation. Briefly O mL of heparinized bloodvasdiluted in 25 ml ofRPMI 1640
(Invitrogen Gibco, Grand Island, NY) and layered over FEaljue PLUS lymphocyte
separation medium (GE Healthcare, Uppsala, Swedem. PBMCwererecovered after
centrifugation (400 x g, 30 min) across the density gradient. Isolated RBx(placed
in complete culture medium (RPMI 1640 (Invitrogen Gibco, Grand Island, NY)
containing 10% fetal calf serum (Invitrogen Gibco), 2mMglutamine (Invitrogen
Gibco), 100 eg/ mL penstrkebtomydiO®, egrddnlL 50
(Invitrogen Gibco). The number of viable cellmsassessed by trypan blue (Invitrogen
Gibco) exclusion. The phenotypes of PBMC T lymphocyte subpopulatiere
monitoredby flow cytometry using fluorescently labeled mAbs. T lymphocytesre
identified by mouse anfpig CD3:PECyY5 (Clone PPT3, Southern Biote@irmingham,
AL). To further differentiate T cell populations, cells were stained with mousignti
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CDA4:FITC (Clone 7412-4, Southern Biotech) and mouse g CD8:PE (Clone 7&-

11, Southar Biotech)(Table 5.2). All staining proceduretook place on ice and care
wastaken to prevent unnecessary exposure to light. Briefly, PBMC (£/xutie) was
blocked with antipig CD16 (G-7, AbD Seotec) for 5min. The cells were then incubated
for 20min in a total volume of 30ul (10ul of each mAb: CD3, CD4 and CD8). Qedle
washed twice withphosphate buffered salinéPBS/1% bovine serum albumin
(BSA)/0.1% sodium azide, and thdixed with 2% paraformaldehyde. Stainimgs
assessed using a LSRII flow cytometer (BDE
number of T cell subpopulationsas determined using FlowJo 7.0 software (FlowJo,
Ashland, OR). CD3events wereconsideed T cells. CD3CD4'CDS8 events were
considered T helper cells. CBED8 CD4 events wereconsidered cytotoxic T cells.
CD3'CD4'CD8’ events were considered double positive T cellR3CD4 CD8" events

wereconsidered\NK cells.

Intestinal Histomorphology

Formalinfixed ileum and jejunum sectionwere embedded in paraffin, sliced to

appr oxi mately 5 em wit hwaemounedoroglassmicroscaper d s e
slides. Jejunum lisles were stained with Hemabxylin and Eosin (H&E) by the

University of Illinois Veterinary Diagnostic LaboratarySlides werghen visualized in

the Imagimg Facility of the University of Illinois Institute of Genomic Biology using the
NanoZoomer Digital Pathology System (Hamamatsu Corporation, Bridgewater, NJ) and
analyzed using AxioVision 4.8 Digital Image Processing Software (Carl Zeiss
Microlmaging, Inc.,Thornwood, NY). Five to 10measurementsf jejunal villus length

and crypt depthveretaken per piglet.

Immunohistochemistry for Proliferation

Unstained slidesontaining sections afeum werefluorescentlystainedfor proliferation

and total nuclei. Initially the unstained slides were dewaxed by soaking slides for 5

minutes in each of the following solutions; fresh Hi€tear Il (3 times) (Thermo

Scientific, Barrington, IL), 100% ethanol (1 time), 70% ethanol/ 30% PBS (1 time), 50%

ethanol/ 50% PBS1 time), 25% ethanol/ 75% PBS (1 time), 100% PBS (3 times).
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Slides wereincubated with Image IT Signal Fiife Technologies, Invitrogenfor 1h.
Slides were then stained for proliferation using @lek-iT™ EdU Alexa Fluor 488
Imaging Kit (Life Tecmologies, Invittogenp c cor di ng t o t he manuf ac
Slides were then washed once with PBS and then counter stainedl,&dramidinc2-
phenylindole DAPI) (Life Technologies Invitrogen) for 10min to detect total nuclei.
After washing Bdes 2 times for 5min with PBS, coverslip (Thermo Fisher Scientific,
Barrington, IL) was mounted on each slide along with 2 drops Prolong® Golthdati
reagent I(ife Technologies Invitrogen). Samples wre imaged using a Zeiss
Multiphoton Confocal miasscope (LSM 700) (Carl Zeiss Microlmaging, Inc.,
Thornwood, NY)and analyzed using AxioVision 4.8 Digital Image Processing Software
(Carl Zeiss Microlmaging, Inc.).Percent area of EdU positive area divided by total
DAPI positive area was found for 40®R0um (80,000pm?) area region in ileal crypt.

Immunohistochemistry for Monocytes and Macrophages
Unstained slidescontaining sections ofileum were fluorescently stained for
monocytes/macrophages and total nuclei. Initially the unstained slides wearedely
soaking slides for 5 minutes in each of the following solutions; fresh gilstar 11 (3
times) (Thermo Scientific, Barrington, IL), 100% ethanol (1 time), 70% ethanol/ 30%
PBS (1 time), 50% ethanol/ 50% PBS (1 time), 25% ethanol/ 75% PBS (1 1608k
PBS (3 times).Because the tissuegere paraffirembedded and formahinxed tissues,
antigen retrieval was done. A citrate buffer [pH 6.0] was used to break protein crosslinks
formed by fixation allowig the antibody to recognize the CD163 and €[pioteirs.
After antigen retrieval,slides were incubated with Image IT Signal FXLife
Technologies, Invitrogenjor 1h. Slides were then stained with primary antibody
CD163 IgG1 anda second primary antibody CD14, IgG2a50 dilution)(AbD Serotec,
Raleigh, NC)for 2h. Slides were then washed with PBS 3 times for 5min and then
incubated withAlexa fluor 555, gat anttmouse IgG1 and\lexa fluor 647, goat anti
mouse 1gG241:100 dilution)(Life Technologie¥ for 1h (Table 5.3). Slides were then
washel with PBS3 times for 5min and then counter stained witB-diamidino2-
phenylindole DAPI) (Life Technologies Invitrogen) for 10min to detect total nuclei.
After washing slides 2 times for 5min with PBS, coverslip (Thermo Fisher Scientific,
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Barrington IL) was mounted on each slide along with 2 drops Prolong® Golédaatgi
reagent I(ife Technologies Invitrogen). Samples wre imaged using a Zeiss
Multiphoton Confocal microscope (LSM 700) (Carl Zeiss Microlmaging, Inc.,
Thornwood, NY)and analyzed usg AxioVision 4.8 Digital Image Processing Software
(Carl Zeiss Microlmaging, Inc.)The area stained positive for CD163 or CD14 positive
was divided by total DAPI positive area for entire whole ileum section cap{8&&dx
850um) and for 400 x 20@m (80,000 um?) area region in ileal crypt. The double
positive area for CD163 and CD14 for entire whole ileum section captured (850 x

850um) was also found.

Cytokine Expressionand Rotavirus Replication
Total RNA was isolated from ileal mucosal samples (0uging the Qiagen, RNeasy
Pl us Mi ni Ki t (Applied Biosystems, Foster
protocol. RNA was quantified by spectrophotometry (Abs 260nm) using a Nanodrop
1000 (Thermo Scientific, Rockford, IL). RNA concentration was ddgiso 0.25ug/mi
using RNase free water. RNA quality was assessed by a 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA). All samples had an RNA integrity number (RIN)
greater than 6. Reverse transcription was performed on 3ug total RdAaaction
volume of 20ul (High Capacity cDNA Reverse Transcription Kit, Applied Biosystems).
Reverse transcriptase products were analyzed by quantitativiemed@CR in TagMan®
custom primers and probes ggne expression assays of target genes: NS4, b ,- | L
8, TNFU ,CCL2 and IL-1p (Table 54). Reference cDNA ribosomal protein L19
(RPL19) was used as an endogenous control (Applied Biosystems). All reactions were
analyzed using the 7900HT Fast R&ahe PCR Detection System instrument and
software (Applied Biosystems Ing. Assays were performed in L si ngl epl e
reactions containing TagMan® Universal PCR Master Mix, customized primers and
probes, and c¢cDNA according to the manuf ac:
Universal reaction contibns were used as follows: 2 min at 50°C and 10 min at 95°C
and then 40 cycles of 15 sec at 95°C and 1 min at 60°C. Each reaction was run in
triplicate. The expression levels of cytokines were standardized to RPL19 mRNA and
expressed as fold differergzewhich corresponds to a ratio to timean value for the
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control loop The expression levels of IR were standardized to RPL19 mRNA and

expressed as normalized target.

Statistics

Statistical analyses were performed using SAS (Version 6.09, SAS tims@ary, NC).

Body weight, formula intake, and diarrhea scores were tested between groups by
repeateemeasures analysis of variance (ANOVA.ut | i er s were i dentif
D test and normality was checked using Shajitks test. Histomorphologand flow

data was analyzed withay ANOVA using GLM procedure to determine if litter or

diet was significant. PCR and immunohistochemistry data was analyzed usingy2
ANOVA using GLM procedure to determine the effectslitér and loop position. fl

these factors weneot significant, #ROC MIXED, randomizedtblock analysiswas used

to determine the effects afiet, HMO and RV loop treatments, and their interactions
The interactions were dropped if not significain.the event of a significamhain effect

a post hoc Least Significant Difference test was usetbnpare differences among the
treatments Statistical sigificance was defined as p<0.05

Results

Formula Intake, Body Weight and Stool Consistency

Daily formula intake(Figure 5.3 and body weight(Figure 5.4) were not differen
between dietary treatmentsAverage body weight on d21 was 550.5 kg. Stool
consistencywas not significantly different betweedietary treatments. Meastool
consistencycore over the t8ay period wad.7+ 0.2 and 2.& 0.2 forFF and FF + NT,
respectively. Thus, addition of NT to the formula did not affdotrmula intake,body

weight orstool consistency

T Cell and NK Cell Populations
PBMC were evaluated to assess if dietary NT would facilitateaage in TandNK cell
populations. No diet effects were seen mnofF NK cell populations(Table 55). T

Helper cells (CD3CD4'CDS8) were 55.4%+ 9.0% and 51.1% 10.6% for FF and FF +
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NT, respectively. Cytotoxic T Cells (CD3D4CD8") were 19.1%- 6.7% and 18.6%:

4.2% for FF and FF + NT, respectively. Higher T helper cell populations compared to
cytotoxic T cells was expected. Double positive T cells (TIEB"'CDS8") were 4.5%t

2.0% and 3.9% 1.4% for FF and FF + NT, respectively. An increasthanproportion

of double positive cells as the pig matures has previously been docur(i&ntkdrmann

& Husmann, 1996)so this level of double positive T cells would be expected in a 21d
old piglet. Natural kier cells (CD3CD4CD8") were 9.4%+ 5.4% and 8.9% 6.2% for

FF and FF + NT, respectively. These percentages of NK cells are similar to what has
previously been seen in our lab for piglets of a similar age (unpublished). Thus, T cell
and NK cell populabns were not affected by diet and were found to be within normal

ranges of young piglets.

Intestinal Histomorphology
To determine if NT had an effect on intestinal development, jejunum villi height and
crypt depths were measured. Jejunum villi heighd arypt depth at d21 were not

affected by dietary NT supplementatif@irable 5.6).

lleum Proliferation

To determine ifdietary NT or loop HMO treatmentshad an effect orepithelial cell
proliferationin the intestine, ileal Igo sections were stainedrfedU (Figure 5.5. The
percentage of area of Eddells divided by the DAPI positive area was not affected by
diet or loop treatments in tloeypt region(Table 5.7)

lleum Monocytes and Macrophages

To determine if NT, HMO or acute RV infection causad increase in immune
cellularity, monocytes/macrophages wetentified by fluorescently labeled af@D163

and CD14(Figure 5.6). Diet and loop treatments did not impact the percentage of area
CD163 or CD14 divided by DAPI positive areas of crypt regs. Nor was double
positive area of CD16&D14" affected by diet and loop treatmentsl@al region(Table

5.8).
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Tissue mMRNA Expression

Preliminary analysis of NSP4 and cytokine mRNA abundance in ileum showed stronger
signal in ileal mucosa than whaleal tissue. Therefore, only ileal mucosa was used to
measure mMRNA expression in all loop samplesops treated with the HMO mixture +
RV had lower RV replication, as assessed by NSP4 mRNA expression, tearRyth
treated loops (p=0.007Figure 5.7). lleal loops not treated with RV showed no NSP4
expression There was no difference the mRNA expression of N6 bTNFU CCL2
orIL-13 mRNA expressionn ileal mucosa as analyzed by loajetary treatmendr RV
infection(Table 5.9) However,NT fed piglets had greater 8 mRNA expression than
formulafed piglets (p=0.038)aHMO treated loopkad significantly greater B8 mMRNA
expression than contrateatedloops (p=0.033, and the interaction between diet and

treatment was significant (p=0.05&jigure 5.8).

Discussion

Rotavirus remains the major cause of gastroenteritis worldwide and developing
nutritional interventions to prevent or reduce the incidence of this disease could offer cost
effective alternatives to vaccination. We successfulnad that treatment with HMO
reduced RV replication in acutely RV infected pigletsvivo. We also demonstrated
there was no NSP4 replication in the loops not treated with RV, which confirmed the
creation of a model wherein the viral infection was comfine challenged loops and
absent from adjacent loops. Thus, it was possible to compare host responses to RV
infected and uninfected tissues within the same animal.

Previous work in our lab had shown that specific HMO inhibited RV infectimity
vitro. Using a focus forming unit (FFU) assay, infection of epithelial cells by the-sialic
acid dependent OSU RV strain was ddspendently inhibited by HMO,'SL and 6SL,
but not by LNnT, ZL, 3FL or a combination of polydextrose and
galactooligosaccharide@®DX/GOS). In thein vitro model, a 50% inhibition of RV
infectivity was achieved with 4 mg/ml ofS. and2 mg/ml 6SL (Chen et al., 2011)
However, when either 2 mg/mL of the acidic HMO mixture or LNNnT was addéaeto
intestinal loop model with OSU strain RV, a significant decrease in NSP4 replication was
observed. We can speculate that the LNnT was able to interact with the RV
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glycoconjugate receptors in some capacity. Tinevitro experiment only allowed
incubaton of the LNnT with the OSU strain RV for 30 minutes; however our model
allowed the two ingredients to interact for 6h. This longer interaction may have been
able to cause a change in the ability for LNNT to decrease RV binding to epithelial cells.
LNNT treatments could have also altered the epithelial cells in some way that inhibited
RV from binding to them.

In addition neutral HMO have been shown in the literature to exertraatobial
and antiviral actions. Women with breast milk containing highamounts of dinked
fucosyt oligosaccharides have infants with decreased diaffieaburg et al., 2004a)

This suggests that neutral class of HMO can also act as competitive inhibitors of
pathogen binding to tlireglycoconjugate receptors. Further research is needed in order
to determine the direct mechanism of this competitive inhibition by LNnT.

Surprisingly, 250 mg/L additional NT added to the FF diet did not significantly
change any of the outcomes measwegdept increase H8 cytokine production when
aHMO loop treatments were also present. It could be ges#ib interaction between
dietary NT and aHMO loop treatment was causing an increase of neutrophils to migrate
to the tissue and increase-8. Prevous studies have demonstrated thatleotde
supplemented rats with sulphonic acid induced damage to the colon have incre@sed IL
expression (Adjei, et al. 1996However we did not determine any additional impact of
dietary NT in the neonatal pigletWe chose this amount of NT to add to the FF diet,
because we wanted it to be physiologically relevant to what could realistically be added
to infant formul a. However, sowbs mil Kk
and mature milk compared to HiLeach et al., 1995; Mateo et al., 2004nhd our
chosen dose may have been too low to see significant effects in the rapidly growing
neonatal piglet. A beneficial effect 8NT on gastrointestinajrowth and function has
beenshown in several animal studilsopezNavarro et al., 19960rtega et al., 1995)
and pgs fed a NT-supplemented (500 mg/ L) diet showed digant intestinal growth
compared to control pigomeneghini et al., 2006ru et al., 2002) It could also be
hypothesized that our control diet, which contained 64 mg/L waimiting enough to
piglets to see significant changes when adding 250 additional mg/LINdnt formula
not supplemented with NT was analyzed and was found to contain 2.7 mg CMP, 4.2 mg
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UMP, 0.6 mg AMP, and 0.5 mg GMP (Pickering et al.,, 1998). Therefmn
supplemented formula only contained around 8 mg/L.

We had hypothesized that CD14 and CD163 antibodies used for the
immunohistochemistry would stain the same cells, monocytes/macrophages. However,
antrCD 163 labeled significantly more cells thantig@D14 in our ileal samples. In
addition, it seemed that CD14ells were also CD163 Previous studies have suggested
that CD14 is a maturatielependent antigen and that CD14 expression may be useful for
assessment of cell maturityCD14 has been udein previous studies as a functional
marker of innate immunity in neonatal pigs after RV infec{idhang et al., 2008) RV
infection induced higher frequencies of CDIdonocytes/ macrophages in the ileum and
lower anounts in the blood compared to Aofected piggZhang et al., 2008) It would
have been interesting to isolate monocytes/ macrophages from the ileal tissue and
perform flow cytometry to determine the cell populasorHowever, due to the current
study design, there was not a sufficient amount of tissue for each loop to isolate necessary
monocytes/macrophages to perform flow cytometry.

This model, although an important first step in determining NT and HMO
individual and combined impadh vivo, has limitations. Although after performing the
laparotomy, the intestinal tissue appeared visually healthy and well oxygenated; the
circulation may have been disturbed. This could explain why we did not observe an
increase inmonocyte/ macrophage populations or cytokine mRNA abundance in the
loops treated with RV. In addition, each animal was injected with RV, which allowed
each animal to serve as their own control. However, we did not have any piglets not
injected with RV o serve as a baseline.

Another limitation of this study was the limited time for the acute RV infection.
The piglets were euthanized after 6h of RV infection. It would have been ideal to have a
longer RV infection but due to the complications of a kEmgedation time, it was not
possible. Longer time points are normally used to study RV infection in neonatal piglets,
such as #d post infection(LopezGuerrero et al., 2010) However, previous studies
have shown an increase of NlB  a {Roll2 &t al., 1999and maximum rate viral RNA
synthesis at 3H{StacyPhipps & Patton, 1987) Additionally our lab has previously
shown an increase of N6 b apostiffeation and an increase of NSP4 replication by
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12h postinfection after orally challenging piglets with RV (not published). Villus
atrophy normally does not occur until 24h pidection(Saif et al., 1997)

In conclusion, the effects of orally administered Ndn immunity and
gastrointestinal development were not seen in the current study, however, previous
studies have shown benefits, especially at higher doses. Both neutral and acidic HMO
significantly decresed RV replication in this specific moddrurtherin vivo studies are
needed to examine the effectiveness of modulatinghtieeo n amimen® system ith

feeding HMO in combination with NT
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Figures

Figure 5.1. Study dsignof piglet gudy. Piglets (n=18) werebtained from University

of lllinois Swine Research Center after receiving 48 hours of colostrum from the sow.
Theywerereared on nomedicded, sowmilk replacer (Milk Specialties Global Animal
Nutrition, Carpentersville, IL)coniining 64 mg NT/L (Formula; FF; n¥%r non
medicated sowmilk replacer + additionalZ0 mg/L nucleotides (Formula + NT; FF+NT,;
n=9) until 21-daysold.

Surgery and Necropsy

at 21 days

Formula Formula + NT (additional 250 mg/L)

n=9 n=9

HMO treatments alone HMO treatments alone
and and

HMO + RV treatments HMO + RV treatments
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Figure 5.2. Treatment of loops with HMO and HMO + RV. Below is an gample of loop treatments. The following treatments
were injected into the loops in the amount of 2mL per loop: media, 2 mg/mL neutral HMO (LNnT) (donated by Abbott Nutrition,
Columbus OH), 2 mg/mL acidic HMO mixture (aHMO) [40% 6'SL:-I(&bs product no. 1806, Covington, LA) /10% 3'SL (\Labs
product . SL302, Covington, LA) /50% SA/-Labs product no. N101, Covington, LA)], or each treatmeBAiependent porcine

RV strain OSU (P9[7],G5) obtained from Kuhlenschmidt lab who obtained it from AmericanCiytpere Collection (1 x 10FFU).

Each loop was separated by a suture. The order of treatments was randomized among piglets.

V RV RV
Control Control Acidic Acidic LNNnT LNNT
(MEM) (MEM)
10 cm loops Suture
of ileum
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Figure 5.3. Formula ntake was not different between dietary treatmentsData are
expressed as meatatistichsignificancewa s s et Farmulapniake. wasbsimilar
across diet groups during the 19 day period.

FF —a—FF + NT
2000 +
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=
2 1000 1
s
2
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102



Figure 5.4 Body Weight was not different between dietary treatmentsData are

expressed as meanStatistical significancevas

s et aThe ipc@@se i Hody

weight during the 19 day period did not differ between diet groups.

Weight (kg)

h
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]

FF —#—FF +NT
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Day

I I I
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17 18 19
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Figure 5.5. Representativeamageof immunohistochemcal detection of proliferating
cells inileum. (A) lleum section staied with DAPI only (B) lleum section stained with
EDU only. (C) Proliferation: ileum section stained with EdU(yellow) and DAPT
(green).
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Figure 5.6.Representativeimageof immunohistochemcal detection ofimmune cells

in ileum. (A) lleum section stained with DAPI onl¥B) lleum section stained with
CD163 only. (G lleum section stained with CD14 on[{p) Representative ileum section
stained vith CD163 (green), CD14(red), CD163CD14 (yellow) and DAPT (blue).

A B
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Figure 5.7. HMO significantly reduced NSP4 in ileal loops nucosa. Loops treated

with the HMO + RV had lower RV replication, as assessed by NSP4 mRNA expression,
than RV-treated only loops. aHMO + RV treatment showed lower NSP4 mRNA
expression compadeto LNnT + RV treatment.lleal loops not treated with RV showed
extremely low omo NSP4 expression. Diet was not significant. Data is presented Mean
+ SEM.

a
16 Mean + SEM
S Model P=0.007
ks
e
[}
N
T
£
o
Z

RV LNnT + RV aHMO + RV

Treatment

106



Figure 5.8 lleal mucosal IL-8 mRNA expression. NT fed piglets had mpater 11-8
MRNA expressio than formula piglets (p=0.03&nd aHMO treatment had significantly
greater [1-8 mMRNA expression than control loofj$=0.032) RV did not impact |8
MRNA expression so it was dropped from modeéta is presented Mean + SEM.

Fold Difference

h

(g7

Mean + SEM
model=0.009
treatment=0.005
diet=0.038
diet*treatment=0.052
aHMO>MEM 0.032
NT>Formula 0.038

FF ®mFF+NT

aland

MEM

LNnT

aHMO LNnT +RV aHMO +
RV

Treatment
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Tables

Table 5.1. Composition of sow milk replacer dtet

Component Per kg Powder Reconstituted (g/LY
Lactose (Q) 479.0 87.0
Crude Protein (g) 250.0 45.8
Crude Fat (g) 130.0 23.8
Ash (g) 66.0 12.1
Amino Acids

Arginine (g) 6.7 1.2
Histidine (g) 4.7 0.9
Isoleucine (g) 14.5 2.7
Leucine (g) 25.0 4.6
Lysine (Q) 22. 4.1
Methionine (g) 5.0 0.9
Phenylalanine (g) 8.2 15
Threonine (g) 18.1 3.9
Tryptophan (g) 6.9 1.3
Valine (Q) 14.6 2.7
Nucleotides(mg)® 354.1 64.4
Vitamins

Vit B1 (mg) 8.5 0.2
Vit B2 (mg) 27.3 5.0
Vit B6 (mg) 2.0 0.4
Vit B12 (ug) 73.7 13.7
Vit A (KIU) 44.0 8.1
Vit D (KIU) 12.1 2.2
Vit E (IU) 33.2 6.1
Vit C (mg) 121.9 22.3
Choline (g) 1.8 0.32
Pantothenic Acid (mg) 61.6 11.3
Niacin (mg) 47.4 8.7
Folic Acid (mg) 3.35 0.61
Biotin (mg) 0.26 0.05

Minerals and Electrolytes
Calcium (g) 6.2 1.1
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TABLE 5.1. (Continued)

Component Per Kg Powder Reconstituted (g/L)
Minerals
Chloride (g) 8.1 1.48
Cobalt (mg) 1.23 0.23
Copper (mg) 12.1 2.2
lodine (mg) 10.2 1.87
Iron (mQ) 106.0 194
Magnesium (g) 12.0 2.2
Potassium (g) 18.0 3.3
Selenium (mg) 0.32 0.06
Sodium (g) 6.3 1.2

! Baby Pig LiquiWean, MSC, Dundee, IL.

Reconstituted at 180 g/L

% Nucleotide content for Baby Pig LigWWean Diet was analyzed by TPAN method by
Abbott Laboratory (16 mg/L UMP; 21 mg/L CMP; 14 mg/L GMP; 13 mg/L AMP)

109



Table 5.2. Antibodies usedn phenotypic identification of mononuclear @lls

Cell population Marker Fluorochrome Clone Company
CD3 Tcells  Anti-pig CD3 PECY5 PPT3 Southern Biotect
CD4 Tcells  Anti-pig CD4 FITC 74-12-4 Southern Biotect
CD8 T cells  Anti-pig CD8 PE 76-2-11 Southern Biotect
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Table 5.3. Immunohistochemisry Antibodies

Cell Population Marker(Primary Antibody) Secondary Antibody Fluorochrome Company
Monocyte/Macrophage CD163 IgG algG, Alexa 555 AbD Serotec
Monocyte/Macrophage CD14 1gG, algGsa Alexa 647 AbD Serotec
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Table5.4. Primers used in gPCR

Gene TagMan Gene Expression Assay

TNF-o Ss03391318_g1

IL-1 Ss03393804_m1

IL-8 Ss03392435_m1

NF-xp Ss03388577_m1

CCL2 Ss03394377_m1

Reference cDNA (RPL19) Ss03375624 gl

Custom Sequence
NSP4 Forward: CAT TGG ACC CGATGG TTG AC

Probe: 6fam AGA A@ CAC AGT CAA TMGB

Reverse: GCT GAG CCA CAC GCG ATAT

! Applied Biosystems, Foster, CA
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Tatile 55. T cell and Natural Killer cell populations in the plasma of 2tday-old piglets fed formula or formula +250 mg/L
NT

T Helper Cells CD3'CD4'CD8 | Cytotoxic T Cells | Double Positive Cells| Natural Killer Cells
CD3'CD4CD8" CD3'CD4'CDS8" CD3CD4CDS8"
% of Total CD3 T-cells % of Total CD3T-cells
FF 55.4+9.0 19.1+6.7 45+2.0 9.4+54
FF+ NT 51.1+10.6 18.6+4.2 3.9+14 8.9+6.2

! Data is expressed as MeasD.
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Table 5.6. Jejunum Histomorphology

Vill us Height Crypt Depth

(um) (nm)
FF 764.6+ 247.9 118.3+17.5
FF + NT 844.7+298.4 106.9+ 15.7

! Data is expressed as MeasD.
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Table 5.7. EdU percentage area in ileal crypt egion'

Measurement Area EdU'/DAPI™ Percentage (%)
FF FF+ NT Ctrl aHMO LNNT RV aHMO + LNNT +
Loops Loops Loops Loops RV Loops | RV Loops
lleal Crypt Regionz 43.4+21.8| 37.5+£16.7| 37.8424.8| 38.1+£18.9 | 34.0+£16.2| 46.8£21.1| 51.0+14.1 | 38.2+24.4

! Data is expressed as MeasD.

2 Percent area of EdU positive area divided by total DAPI positive area was found for 400nx (800000um?) area in ileal crypt

region.
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Table 5.8. CD163 and CD14" area in whole ileal section and crgt regions

Measurement Area CD163/ DAPI" Percentage (%)
FF FF + NT Ctrl aHMO LNnT | RV Loops| aHMO + LNNT +
Loops Loops Loops RV Loops | RV Loops
Whole lleal Sectiorf | 5.945.0 | 9.94#8.8 | 5.625.9 | 9.4+7.6 | 4.8t2.0 | 6.6+8.5 9.3+4.6 9.3+13.1
lleal Crypt Region® | 11.7+7.7| 9.6+3.6 | 10.9+6.7| 7.7+4.4| 10.2+5.8| 12.1+6.0 | 15.6%7.8 9.445.6
Area CD14'/ DAPI" Percentage (%)
FF FF + NT Ctrl aHMO LNnT RV Loops | aHMO + LNNnT +
Loops Loops Loops RV Loops | RV Loops
Whole lleal Section | 0.3+0.4| 0.5+0.9 | 1.0+1.4 | 0.3+0.2 | 0.3x0.4 | 0.480.4 0.2+0.3 0.4+0.6
lleal Crypt Region 1.0+2.0| 1.0+1.8 | 1.6+3.3 | 0.4+0.3 | 0.8¥1.3 | 0.9+1.0 0.6+0.6 1.5+3.0
Area CD163 and CD14-Double Positive (und)
FF FF + NT Ctrl aHMO LNnT RV Loops | aHMO + LNNT +
Loops Loops Loops RV Loops | RV Loops
Whole lleal Sectim? | 256.3+ | 269.7+ | 323.6+ | 298.1+ | 154.0+ 201.3+ 221.8+ 294.9+
303.2 294.3 393.1 304.8 117.6 214.7 155.5 474.1

! Data is expressed as MeasD.

% The area stained positive for CD168CD14 was divided by total DAPI positive area for entire ileum captureidrgi whole ileal

section(850 x 850um)

% Percemnarea of CD163 or CD1gositive area divided by total DAPI positive area was found for 400 x 200pm (80,)Gyea in

ileal crypt region.

* The area stainedouble positive for CD163and CD14 for entireileum captured pictufewhole ileal section850 x 850pm)
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Table 5.9. Cytokine mRNA Abundancé

Cytokine FF Loop Fold FF+ NT Fold

Treatment Difference Loop Treatment Difference

IL -8 Media 1.0+ 0 Media 1.0£0

LNNT 1.5+0.3 LNNT 1.6+0.6

aHMO 1.0+0.3 aHMO 3.2+0.9

RV 1.3+0.6 RV 1.5+0.5

LNNnT + RV 1.40.4 LNNnT + RV 1.5+0.3

aHMO + RV 1.3t0.4 aHMO + RV 2.4:0.8

TNF-a Media 1.0+0 Media 1.0+£0

LNNT 1.3+0.4 LNNnT 3.0£1.8

aHMO 1.1+0.3 aHMO 3.0:2.0

RV 2.0:0.4 RV 1.8+1.0

LNNT + RV 1.7+0.6 LNNnT + RV 2.3t1.0

aHMO + RV 1.7+0.3 aHMO + RV 2.1+0.9

IL-1B8 Media 1.0+0 Media 1.0+0

LNNT 1.3+0.3 LNnT 1.2+0.4

aHMO 1.1+0.2 aHMO 1.6+0.4

RV 1.2+0.2 RV 1.3t0.4

LNNT + RV 1.2+0.3 LNNnT + RV 1.2+0.2

aHMO + RV 1.1+0.3 aHMO + RV 1.7+0.5

CCL2 Media 1.0+ 0 Media 1.0+£0

LNNT 1.6+0.9 LNNnT 1.4+0.3

aHMO 1.3+0.4 aHMO 1.9+0.6

RV 1.2+0.3 RV 1.240.3

LNNT + RV 1.1+0.2 LNNnT + RV 2.4:0.7

aHMO + RV 1.6+0.4 aHMO + RV 2.0+0.6

NF-«f Media 1.0+0 Media 1.0+0

LNNT 1.0+0.2 LNNnT 1.1+0.2

aHMO 1.2+0.2 aHMO 1.4+0.3

RV 1.6+0.3 RV 1.2+0.2

LNNT + RV 1.1+0.2 LNNnT + RV 1.3+0.3

aHMO + RV 1.4+0.3 aHMO + RV 1.3t0.2

! Data is expressed as MeaSEM.
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Chapter 6

Conclusions and Future Directions

Infections are a major cause of morbidity and mortality in isfaartd children
world-wide. However, the severity of response of neonates to RV infectidhenr
ability to generatesufficient antibodiegollowing influenza vaccination can vary due to
immune immaturity and dietary differences. Manipulating the coriposof infant
formula, by adding different ingredients, suchbad,3}g | u ¢ a n suclepties KT),
and human milk oligosaccharidesHMO) could stimulate the development of the
neonatalimmune and gastrointestinal systermbese studies focused ondemstanding
the effects of specific ingredients in the diet on the immune and gastrointestinal
development in neonates.

Our firststudyi nvesti gat ed tduean suppfereented tooférmulae a s t
on immune and gastrointestinal development in #@natal piglet. Overall, the results
showedt h a't ylecars supplémented to formula did very little to alter the
develgpment of immunity or gastrointestinal development. Despite the lack of effect of
y e a gylucanbon immunological development inglstudy, it would be interesting to
further i nvestigate yeast bG supplementat.
was challenged. This approach may enhance any immunological differences the yeast
bG suppl ementati on pr owJilsbes intérasting th acenheo n at ¢
uptake and processing WGP through the immune system in a similar way to the studies
conducted with yeast bG by Beier and Gebel
uptake and processing of the WGP patrticle. Thiskwaould further our understanding
of the 1 mpact of yeast bG suppl ementati o
neonateFurther studies aralsoneeded to examine the effectivenesslifferent forms
o f ibn@dulating then e 0 n anmené system.

In the second study, owbjective was to determintde mechanism(s) by which
NT and HMO modulate intestinal epithelial cell growtiated characteristicsOverall,
the results showed th&tMO reduced cell proliferatiom vitro and that this effect was
partially ameliorated by the presence of NTt appears that HMO initially induced
apoptosis/necrosis, whichas later evidenced b§2/M cel cycle arrest for LNnT and
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the SL mixtreatmats and S cell cycle arrest féiL mix treatment, and decreased
proliferaion. It would be interesting to further investigate the different HMO treatments
on cell cycle regulation, since processes affecting cell fate are highly regulated and cell
cycle genessuch ascyclins, cyclindependent kinases arttieir inhibitors play an
important role. Thse datavould help udo better understand how the different HMO are
initially modifying cell cycle and apoptosis and eventually proliferatidinis important

to note thatNT, just one of thanany bioactive components found in hunmaitk, was
able to partially inhibit the effects of HMO. Thus, th@sevitro actions of HMO alone
may not be physiologically relevant within the matrix of human milk or infant formula
containing NT. Further studies are needed to determine whether HM@Demfe
intestinal cell growthn vivo.

In the third study, our objective was to evaluateacute treatment of HMO on
enterocyte proliferation, immune cellularity, and cytokine production in the ileum of
healthy and acutely Rihfected neonatal piglets amically fed NT. Overall, the results
showedchronic dietary NT only significantly increased-8production in ileal mucosa
when aHMO treatment was also present. bdi@ not affectthe other parameters
measured Our control diet had a low basal leveldT (64 mg/L), so it is not known
whether we would have detected biological actions of NT if control diet was completely
NT free. It would also be interesting to determine if a higher supplementation of NT
(greater than additional 250 mg/L NT) was neetdesee an impact in the neonatal piglet.
Both HMO treatmentsdecreased NSP4 replication during acute RV infectidfe had
hypothesized that aHMO would be able to inh#-dependent RV infection, but further
investigationis neededo better understarttie mechanism by which LNnT also inhguxit
NSP4 replication. The implications of this research can be far reaching, particularly
when they are applied to improving the immune system in neonates and, thereby,
decreasing the ability of pathogenic microorigars to infect the host. Future studies are
warranted to examine HMO and NT supplementation during a longer course of RV
infection. Longetterm in vivo NT and HMO studies are needed to examine whether

t hese component s modul atnal andhiemune esgstemt e 6 s

development.
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In conclusion, the effects observed by the addition of individual ingredients to
infant formula, invites further investigation of the potential benefits of supplementing
infant formula. Human milk contains many bioaetcomponents that influence immune
and gastrointestinal development, and more research is needed to help close the

developmental gap between formula fed and breast fed infants.
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Appendix A

Nucleotide and Human Milk Oligosaccharide Impact on NorAntigen and Antigen-
Specificex VivoStimulation in Piglet Peripheral Mononuclear Cells

Abstract

Infant formulas lack the complex mixture of humanknaligosaccharides (HMO) found

in human milk that may be pivotal to the development of the neonatal immune system.
However infant formula is supplemented with nucleotides (NT), which also impacts the
development of the neonatal immune system. No compsereanalyses of the direct
effects of HMO and NT on immune cells from neonates have been undertaken. Herein,
peripheral blood mononuclear cells (PBMC) isolated from 10 day oldreamed and
formula fed piglets were stimulated withIMO (Fucosyilactose [FL] mix [85%
2'FL/15% 3'FL], Sialylactose [SL] mix 0% 6'SL/10% 3'SL/50% Sialic acid (SA)] or
LNNnT at 125, 250,500ac 000 eg/ mL) in the ogkmlem™€E or
(43% CMP, 18.5% UMP, 16.4% AMPand 22.0% GMP). T cell phenotype and
proliferation were measured by flow cytometry afithymidine incorporation. No
treatments had significant effects on any parameters examined. Thus, we hypothesized
that this lack of response could be due to no antspeeific stimulation of the PBMC, so
additional experiments were carried out using the same treatments listed above in the
presence of Fluzofé at 10, 50 or 10Qug/mL and examining T cell phenotype by flow
cytometry in piglets previously vaccinated with Fluzone. No conclusive results were
found by the follow up experiments. Therefore, we concluded there were no direct
effects of HMO and NT on neantigen or antigespecificex vivostimulation in piglet
PBMC.
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Introduction

The immunomodulatory effects of nucleotides (NHiplen et al., 2005)r human
milk oligosaccharides (HMO(Bode et al., 20043eparately have been investigated, but
little is known about the immunomodulatory efficacy of NT or HMO in combination o
peripheral blood mononuclear cells (PBMC).

Previous studies have determined specific NT derivatives alone did not affect the

growth of healthy PBMC, but NT derivatives influenced immune cell growth and
cytokine secretion when cocultured with specifitigan. Deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), deoxyadenosine monophosphate, deoxycytidine monophosphate,
and deoxyuridine monophosphate increased influenza virus antigen induced immune cell
proliferation (Holen et al., 2005) In contrast deoxyadenosine monophosphate and
thymosine monophosphate inhibited the antigetuced growth respongeélolen et al.,
2005) It was hypothesized that -ooilturing virus antigen and N@ould influence and
activate distinct cell fractions in PBMC and involve antigeasenting cells and T cells
(Holen et al., 2005) NT may act as immunomodulators or costimulatory molecules by
exerting their effect, grhaps mostly, on specific antigantivated cells among the
PBMC.

Nucleicacid analogenhance both humoral and cellular immune respap&ase,
2009) Metabolites of nucleic acidsamelynucleotides and nucleosidese recognized
by host receptors, TLRS3, 7, 8, 9 and NOBike receptors (NLR&NOD2) (Ishii &
Akira, 2008) Both dsRNA and ssRNA are known ligands for TLRs. TLRs and NLRs
have unique signaling pathways. TLR 7, &, stimulate the MyD88 pathway, TLR 3
stimulates the TRIF pathway, and NOD2 stin
pathway results in the induction of cytokine expression.

HMO are thought to play a key role in the immunomodulatory and
immunoprotetive actions of human milKunz & Rudloff, 2008) The blood
concentration of 10200 mg/L can be calculated based on the HMO concentration in
human mil k, the daily intake, t reded withf ant 0 s
the urine over tim€Bode, 2006) Assuming that HMO reach systemic circulation, they
may alter proteircarbohydrate interactions on a systemic level. HMO can modulate
selectins, which belong to a subclasscafbohydratéinding proteins involved in cell
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adhesion in the immune system. Evidence is emerging that HMO function as ligands for
selectins that influence inflammatory processes by reducing leukocyte binding to
endothelial cellfKunz et al., 2000) HMO may also have the ability to interfere with
other proteircarbohydrate interactions, such as galectins, which regulate cell growth,
proliferation, and apoptosis, as well as-o@ll and cell matrix interaction®erillo et al.,

1998) HMO could also target dendritic calpecific intercellular adhesion molecule
grabbing nonintegrin (DEGIGN) which is expressed on dendritic cells in the intestine
and other tissueBode, 2006) Furthermore, HMO have been demonstrated to inhibit
plateletneutrophil complexes, which would suggest they have -iaff@immatory
capability(Bode et al., 2004)

The overall objeate of this study was to assess if NT and HMO can directly
affect PBMC isolated from piglets. The working hypothesis wasNfiaould stimulate
PBMC through innate immune receptors and HMO could modulate this interaction. To
our knowledge no previoususties have examined the interaction between NT and HMO

on PBMC proliferation and T cell phenotypes.

Materials and Methods

Animals

Study 1 Late gestation sows wenbtained from University of lllinois Swine Research
Centerand transported to the aninfatilities in ERML. Farrowngs were monitored and
formula fed piglets (n=5) were removed from the sow prior to ingestion of colostrum.
Sowreared piglets (n=5) remained with the sow throughout the study. The formula fed
piglets were orallyadministeredoregnant sow serum to provide immunoglobluins (5mL

per kg body weight at birth, 12h, 24h, and 36h). Formula fed piglets fegranon
medicaded, sowmilk replacer (Milk Specialties Global Animal Nutrition, Carpentersville,

IL) and were individually houskin environmentallycontrolled rooms (25°C) in cages
capable of maintaining six piglets separated by Plexiglas partitions. Radiant heaters were
attached to the tops of the cage to maintain an ambient temperature of 30°C. Formula

was offered 20 times dgiat a rate of 360 ml/kg BW/day. All animal procedures were
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approved by Institutional Animal Care and Use Committee of the University of lllinois.

PBMC were isolated from 10 day old pigl¢ts-5, sowreared; n=5formula fed.

Study 2 Piglets wereobtained from University of lllinois Swine Research Cerdrd

were reared on nomedicded, sowmilk replacer (Milk Specialties Global Animal
Nutrition, Carpentersville, IL). The first replicate piglets were colostrum deprived and
were given Bovine Ig&esdierichia coli Antibody Colostrum Plus (Le Bella Associates,
Inc., Bellingham, WA) to receive immunoglobulins (170mL: 20mL at birth, 30mL every
3h) and the second replicate was allowed to receive sow colostrum for 4h after birth to
receive immunoglobulinsrdm sow then given Bovine Ig&scherichia coli Antibody
Colostrum Plus (Le Bella Associates, Inc., Bellingham, WA) for 20h (30mL every 3h).
Piglets were individually housed in as described ab&»e.d7postpartum, piglets (n=6)
were vaccinated with a Gl intra muscularim.) injection of human influenza vaccine
(FluzonéM, Sanofi Pasteur, Swiftwater, PAA blood sample was drawn on d7 from the
jugular vein prior to administration of the vacciMaccinated animals received a booster
vaccinationon d4 wi t h t he same .dAlsaaimab groceBures wayen e E
approved by Institutional Animal Care and Use Committee of the University of lllinois.
PBMC were isolated from 21 day old piglets (n=2, vaccinated piglets for replicate 1 and

n=5, nonAvaccinaté piglets; n=6, vaccinated piglets for replicate 2).

PBMC lIsolation and Treatments
Peripheral blood mononuclear cells (PBMC) were isolated by density gradient
centrifugation. Briefly 10 ml of heparinized blood was diluted in 25 ml of RPMI 1640
(Life Tecmologies Invitrogen, Grand Island, NY) and layered over Fieatjue PLUS
lymphocyte separation medium (GE Healthcare, Uppsala, Sweden). The PBMC were
recovered after centrifugation (400 x g, 30 min) across the density gradient. Isolated
PBMC were placedn complete medium RPMI 1640 (Life Technologies Invitrogen,
Grand Island, NY)containing 10% fetal calf serur(Life Technologies Invitrogen,
Carlsbad, CA) 2mM L-glutamine (Life Technologies Invitrogen, Carlsbad, CA)00
eg/mlpenci | | i g/mlstie@dnycen and 5Sgentaeian/(LmeLTechnologies
Invitrogen) Red blood cells were lysed using ammonium chloride lysing buffer.
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The PBMC were plated for thex vivoexperiments. The following treatments were

added ta2 x 10 mononuclear cells from blood/mL in 96 well microtitre plates on day O.

The cells for Study 1 were exposed to the following treatments for 24 hours: media alone
(control), NT mixture 43% CMP, 18.5% UMP, 16.4% AMRNnd 22.0% GMP at 72

€ g/ mL) ixtureS40% B5L, 10%3SL, and 50% SA at 125 ¢eg/ ml
mixture, FL mixture (85%'ELand 15% F L a't 125¢eg/ mL) , NT mi xt
LNnT (100% LNNnT at 125 eg/ mL) , NT mi xtur e
carried out using theame treatments in the presence of Flu?éra 10, 50, or 100

pg/mL.

FluzoneE Preparation for Ex Vivo Analyses
Prior to use irex vivoas s ay s, F | dinlyzedtoerémowe adlitives that inhibit

cel | proliferation. T h ento Bpectra/BorRe £ dialyss| ut i o
membranes (Spectrum Laboratories, Rancho Dominguez, CA) and submergedfan PBS

24 hours at 4°C Protein content of dialyzed FluzdMe assessed using a Bradford assay

(Quick Start Bradford, BidRad, Hercules, CA),ws 130eg protein/ mL.

Proliferation Assay

PBMC (2 x 16/cells per well from Study were plated in 98vell plates (BD Falcon) in

a total wvolume of 200¢l . They were culture
2 mM Glutamine, 1 mMsodium pyruate, 20mM HEPES 50 e€g/ mL Gent ami
IU/mL Penicillin,aa d 1 0 0 Steegtdmycin. Oligosaccharides (12859 / mL) and N7
(72 €9/ mL) we upen phatthgl €2 hourafter theeirlitiation of stimulatign

plates were incubated for 18 howvith *H-thymidine Perkin Elmer, Boston, MAat a
concentrat i on.Plates were §dred gB@°C untit @analysis. Cells were

harvested (TomTech, Haester 96 Mach 1l M Hamden, CT onto 1.5um glass fiber

filter paper (Skatron Instruments, Sterling, VAnd put into vials containing 7mL

Ultima Gold F Scintillation Fluid (Perkin Elmer, Waltham, MA). Samples veexented

on a Beckman Coulter, LS 6500 Scintillation Sys{@&rea, CA) Data are expressed as

change incomt s per mi) which wasobtgr@dP iy subtracting counfsom
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undimulated control wells from counts for wells with NT and HMGamples were

analyzed in triplicate. Data anal ysis was

T-cell Phenotype

The phenotypes of T lymphocyte subpopulatidnem the cultured PBMC were
monitored using fluorescently labeled mAbs. The cells were collected after 24 h and 72 h
in culture for both Study 1 and Study 2. T helper subtype was determined using flow
cytometry. Cells were stained with aptg CD3 (clme PPT3):PECy5 (Southern
Biotech, Birmingham, AL, antipig CD4 (clone 7#4L2@):FITC (Southern Biotech,
Birmingham, AL) and antipig CD8 (clone 7&@1i1):PE (Southern BiotecBirmingham,

AL). Lymphocytes were selected based on forward and side scatengters. A gate

was made on CD3cells, and these cells were separated into CD4/CD8 quadrants to
determine the percentage of T cells in each T helper populatitbistaining procedures

took place on ice and care was taken to prevent unnecessary exposgie Briefly,

one million cells per tube werblocked with antpig CD16 (G7, AbD Serotec) for 5Smin.

Next, cells were incubated for 20min in a total ofiBQLOpl of each mAb: CD3, CD4

and CD§. Cells were washed twice with phosphate bufferechaglPBS)/1% bovine
serum albumin (BSA)0.1% sodium azide, and then fixed with 2% paraformaldehyde.
Staining was assessed wusing an LSRII fl ow
CA). The relative number of T cell subpopulations was determined usigld- 7.0
softwae (FlowJo, Ashland, OR)CD3" eventswere considered T cellSCD3'CD4'CD8

events wereansidered T helper cellCD3'CD8'CD4 events were coidered cytotoxic

T cells. CD3'CD4'CD8" events were considered double positive T cells.

Results and Discussion

Study 1

Proliferation Assay

PBMC isolated from FF piglets had significantly greater proliferation than SR piglets
(p<0.0001)(Figure Al). Neither NT nor HMO treatments significantly increasedll

proliferation over control.
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T-cell Phenotype

FF piglets showed a greater percentagd -tifelper cells (CDCD4'CD8) than SR
piglets (p<0.0001)Figure A2), while SR piglets had significantly greateytotoxic T
cells (CD3'CD4CD8") thanFF piglets (p<0.0001)Figure A3). FF piglets hadjreater
CD3'CD4'CDS8' T cells than SR piglets (p=0.026@jigure A4). In vitro treatments did
not significantly impactthe proportion ofcells compared to the media alone. In
conclusion, only diet effects were seen between FF and SR. No proliferafiveetir
phenotype effects of NT and HMO treatnewere seen in PBMC isolated from 10 day
old piglets

Study 2

T-cell Phenotype

Replicate 1 (n=2 vaccinated animals) was carried out to determine whether -antigen
specific ex vivostimulationw i t h  F | wudomodiffEin RBMC populations in cells

treated with HMO and NTBoth animals at 24 h showed a tendency to have incr8ased

helper cells (CD3'CD4'CD8) and decreasedytotoxic T-cells (CD3'CD4CDS8") as
FluzoneE dose increased NW¥icamparetitdCellsttreated t me n t
with media alone. Greater proportion of cells were Aelper cells (CD3D4'CDS8)

when treated with NT only and NT + HMO. T helper cells increased with NT treatments,
which showed a tendency t ondithercdecease at 160t 50
pg/mL (Figure A5). Double positive T cells (CDBD4'CDS8") were greater in all HMO

only treatments as FluzoneE increased at 2
a tendency to increase at 5000(ygiLmL Fluzone

When experiment was repeated in replicate 2, no HMO or NT treatment effects were seen
in either norvaccinated (n=5) or vaccinated (n=6) animals. Overall, vaccinated animals
had greater T helper cells and less cytotoxic T cells tharvaccinded animals. Both
nonvaccinated and vaccinated animals increased T helper cells and decreased cytotoxic

T cell s as FluzonekE dos e i ncreased. Vac
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CD3'CD4'CD8/CD3'CD4CDS8" ratio response than nesmccinated animals athe
FluzoneE dose i rRgureMs ed at 24 hours

NT and HMO treatmes did not significantly affectany of the parameters
examined in PBMC isolated from piglets in Study 1. Thus, we hypothesized that this
lack of response could be due to no antigpecific stimulation of the PBMC, so
additional experiments were carried out using the same treatments listed in the presence
of FluzonéM,

Interestingly, the 2 vaccinated piglets in Study 2, Replicate 1 shmeezhsedr
helpercells and decreasegtotoxic Tc el | s i n HMO treat ments wit
dose increased. T helpeells treated with NT only and NT + H®Ishowed a tendency
to increaseat 50 pug/mL Fluzongé and then decrease at 100 pug/mL. Double positive
cells increased in all HMO treatmenwithout NT as FluzonE increased. NT added
alone and with HMO showed ertdency to increase at 50 pg/rfluzond and then
decrease at 100 pg/mLThese results were interesting and when we followed up with
Study 2, Replicate 2, which included both a@etcinated and vaccinated piglets the
same results were not seeNo HMO or NT treatment effects were seen in non
vaccinated and vaccinated animal@verall, vaccinated animals had greater T helper
cells and less cytotoxic T cells than nesccinated animls. Both norvaccinated and
vaccinated animals increased T helper cell
dose increased.

Limitations and Future Directions

A limitation of these studies is the PBMC population composition is not known at
initiation of culture for any of the study replicates. Retrospectively, a sample of PBMC
should have been stained for T cell populations immediately after being isolated from
each piglet.

Another major limitation of these studies is the variation in thetercaf
immunoglobulins to the neonatal piglet which may have led to differences in Fiizone
specific antibodies produced by the piglet. Study 2, Replicate 1 piglets were given only
bovine colostrum, and Study 2, Replicate 2 piglets were given colostrimth&isow for
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4 hours after birth and then followed with bovine colostrum. The piglets allowed to
suckle from the sow were exposed to more influenza antibodies than the other piglets,
since the sow colostrum has been shown to have high levels of Riizepecific
antibodies. The animals from Replicate 1 showed an increase in Fiizepecific
antibodies as piglet age progressed, showing a direct response to vaccination. However,
the piglets in Replicate 2, receiving sow colostrum for 4 hours showedshigligon&
specific antibodies at d7 and decreased by d21. This demonstrates that the piglets
received background influenza antibodies from sow which confounded vaccination
response results. This difference alone may have impacted the immune respamnses se
vivo and be able to explain the differences seen between replicate 1 and 2. This suggests,
only piglets completely colostrum deprived, with a less robust immune system would be
able to react against HMO and NT in the presence of antigen.

Future stidies are needed to test the presence of HMO and NT individual and

combined effects on immune cells.
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Figures

Figure Al, Study 1. NT or HMO treatments did not significantly increase
proliferation over control cells. Log CPM from PBMCisolated from 10 day old
formula fed (FF) mlets had significantly greater proliferation thaowreared ER)
piglets (p<0.0001) Data is presented as mean + SD.
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