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ABSTRACT

Streptococcus pneumoniammmonly referred to as the pneumoags;ds a Gram positive
pathogen that colonizes the upper airways of huifigns. pneumoniais the most frequent
cause of communitgcquired pneumonia, which occurs when the pneumococcus populates the
lower bronchi, and is often the cause of otitis redichildren (1, 2). This bacterium is also
responsible for certain invasive diseases, such as sepsis and meningBispf®umoniae
colonizati on, pat hogenesi s, and cl earance i s w
characterized the feict of S. pneumoniamfection in neonates. Thus, the goal of the present
study was to develop a model of pneumococcal disease in heonatal mice, and determine the
efficacy of vitamin A (VA) supplementation @treptococcus pneumoniaé¢ nduced pneumon
pathogenesis.
Streptococcus pneumoniserotype 3 (ST3) and serotype 14 (ST14) were chosen as a
model of invasive and localized pneumococcal infection, respectively. We found that ST14
infection causes a large neutrophil influx to the lung 24 and 48 poarst —i nf ecti on, wh
causes very little granulocyte migration. A myeloperoxidase (MPO) assay was used to confirm
the increased levels of neutrophil activity during an acute infection with ST14. Furthermore, VA
supplementation was found to have ffe& on lung colonization, bacterial migration, or cellular
infiltration, but VA supplementation significantly increased liver retinol levels. The data
gathered in this study can be used to further knowledge regarding the complex interaction

between dietthe host immune system, and bacterial pathogenesis.
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Chapter 1

Background

Introduction to Streptococcus pneumoniaei nduced Pneumoni

Streptococcus pneumoniammmonly referred to as the pneumococcus, is a major respiratory
pathogen that colonizes the upper airways of hurfign$s. pneumoniais the most frequent
cause of communitgcquired pneumonia, which occurbem the pneumococcus populates the
lower bronchi, and is often the culprit ofitis media in childrerfl, 2). This bacterium is also
responsible for certain invasive diseases, such as sepsis and mef@nghishough the
pneumococcus is a commenpathogen, it must express abnormally virulent traits in order to
maintain life inside the competitive atmosphere of the nasopharynx, where it colonizes the
mucosal surfac€, 3). Once the bacterium spreads from the nasal mucosal surface onto other
more hferior portions of the airways, a disease state has occurred; thus a logical firsSstep in
pneumoniagpathogenesis is colonizati¢#4). This first step is more conventionally cited as the
carrier state, where no clinical manifestations of diseasepmarent. It is widely accepted that
the carrier state has large implications in innate and adaptive immunity of the host, which will
further be explored in this review. This review will also examine the microbiolo8y of
pneumoniagpathogenicity, moality and morbidity, clinical features, and also immunization and
research advances in the treatment and preventiSnmfeumoniae.

Structure

Streptococcus pneumonieea Grarpositive coccishaped bacterium of the gersiseptococcus
(2). S preumoniads alphahemolytic, meaning that it has the abilitypartially lyse red blood

cells, ands highly pathogeni¢5). S. pneumoniaeontains a large amount of peptidoglycan
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(PEPTG)in its cell wall and does not contain an outer membrane. PEB&@ighly organized
polymer of amino sugars thavhen linked together in what is known as a crystal lattice strycture
compose the cell wall of Grapositive bacteria. This crodimking provides enormous amounts

of strength and structure to the cellliwal he outer layer of the bacterial cell wall, the capsule, is
also implicated in identification of the various serotypes; that is, each individual serotype (ST)
contains a specific mixture of polysaccharides that is identifiable and uigtle The capsule

is a highly organized polysaccharide polymer that is covalently attached to cell wall PEPTG.
There are at least ninety different serotypeS.qgfneumoniathat have been characterized thus

far (2). Apart from providing serotype information, tba@psule also contains numerous traits that
make it especially virulent, such as the ability to evade phagocytosis and clearance by innate
immune mechanisms within the respiratory sysféy8). Finally, the capsule also has the ability

to undergo phase siation (2). The pneumococcus initially displays a thick capsule that can

inhibit the bacterium in attaching to host c€®s To overcome this probler, pneumoniawiill
undergo phase variation. Phase variation is the process in which a bactefismitehl its

phenotype; in the case of the pneumococcus, this organism undergoes phase variation from a
transparent to an opague capsule. Adhesins, in addition to a few other proposed molecules, that
are located in the cell wall are associated with thieqaenrepithelial cell interactioii2). When

the pneumococcus is attempting to bind to the
transparent phenotype that does not interfere with the binding interaction, and also helps the
bacterium attacf2). Opsonophagocytic killing is much more apparent once the bacterium beings
to migrate into more sterile areas such as the terminal bronchi or the bloodstream, thus the
pneumococcus will switch to the opaque capsule phenotype, which is more resistant t
phagocytic actiorf2). Additionally, the capsule defends the pneumococcus during the innate
inflammatory response when neutrophils have been attracted to th{@)araddingto the

bacterium s virulence is the ¢éthecholesteien pneumol vy
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dependent cytolysin famil§10). When secreted b$. pneumoniaggneumolysin has the ability
to puncture pores into the host’'s cells, causi
I nterestingly, non-encapsul ated bacteri al stra

After culturing and isolating bacteria from thteavab, nose swab, sputum, or other more
uncommon body fluids such as blood or cerebrospinal fluid, the bacteria can be grown on blood
agar plates at 37°C in a gi@cubator(5, 8). SinceS. pneumoniais a member of the viridians
family, a term commonlysed to refer to species in tBeptococcutamily capable of alpha
hemolysis, a greebrown pigment will be observed on the agar where the red blood cells were
partially lysed(5). The colonies will appear round with weléfined edges, and a completeg
of alpha-hemolysis will surround the color{$). The thick capsule will be visible on the plate,
contributing a mucoidike appearance to the colonfdnce the bacterium has been Grammetdj
it will appear a crystal violet coldue to thdarge anount ofpeptidoglycan in their cell wall.
Serotypes
There are over ninety known serotypes (ST$opneumonigéut this review will focus on ST3
andSTL 4, which are commonly wused in murine model
pneumococcal pneumonia infection, respectively. ST3 has a large propensity to cause disease in
both human and animals models, while ST14 causes a localized lung infection arplczdly ty
be cleared from the host without negative outcomes (i.e., meningitis, necrotizing pneumonia, and
septic shock) (11). These differences are largely due to differences in capsule structure and
thickness.

For example, the capsule surrounding &Ttnsists of biosynthetic repeating

tetrasaccharide units of-p){8l-Galp-( 1 —# J-GlcpNAc-( 1 —-B-g-Galp-( 1 —B-9-Glcp-
(1 »(PnldPS} 12) . Class-switched 1 gG antibodies sp
effective at clearing a pneumococcakpmonia infection. A small organic molecule,

Gal -Gl c-(Gal -) Gl cNAc, was found tSpnbueonme parti c
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ST 14" s capsule (12). Specifically, the small

antibodies specificotPn14PS (12). Typically, bacteria that are encased in a capsule have the
ability to evade the host immune response and roam undetected by immune cells. If detected,
they normally only induce | ow-speci finhostty | gM
defense (13). Thus, ST14 is rapidly cleared from the host, and negative outcomes are avoided.
ConverselyS.pneumonia8 T3 i s encased i n an i mmuno-eva:
sepsis and necrotizing pneumonia (1%).pneumonia8T3 is knowrfor its thick, mucoid
capsule that allows the bacterium to evade the host immune response. Lipsitch, et. al. (14)
hypothesize that the bacterium is able to synthesize such a unique capsule because the repeating
units that comprise the protective coatidmnot take a lot of energy to produce (14). Since ST3
has a thick capsule, the bacterium is able to avoid phagocytic uptake, allowing it to migrate from
the lung to the bloodstream resulting in sepsis (11). Typically, ST3 generates a low antibody
resporse, but a strong antibody response is generated in infants (14). However, the cause of this
phenomenon is unknown.
Although a lot of information is known regarding capsule structure and biosynthesis, very
little research has demonstrated the differentesrotype pathogenesis in neonates. Stice
pneumoniaénfections are often found in children and elderly populations, we thought it was
highly relevant to elucidate the similarities and differences in pathogenesis during an acute
pneumococcal pneumininfection. ST3 was chosen as a model of invasive pneumococcal
disease, while ST14 was used to model a localzgmheumoniamfection.
Pathogenesis
Streptococcus pneumonieetransferred by direct contact with body fluids, such as sputfiam
infected individual2). Once an individual has come in contact with the pneumococcus, the
bacterium will take up residence on (6).hlfeS. mucosa

pneumoniaestays in the nasopharynx the individual widl isymptomatic, which is also known
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as the carrier staf@, 15. However, the bacterium can move into uninfected areas of the host
and cause numerous complicati¢hys Thus, colonization is necessary to precede infection,
which typically occurs in eaylchildhood(2, 4) Since children are the primary carriers of this
pathogen, vaccination in early childhood is essential in reducing the pool of this pathogen, thus
childrenunder two years of age are now immunized with the seven valent conjugate yaccine
which is T cell dependeii). This vaccine contains the seven most prevalent serotypes in the
developed world8). The pneumococcal capsular polysaccharide vaccine has also been very
effectivein preventing invasiveneumococcalisease, which contanwentythree common
pneumococcal serotyped, 8). Although this vaccine has contributed to mass amounts of herd
immunity amongst nowaccinated children, serotypes that were not prevalent in the developed
world are nowbecomingmore apparent becausedgpespecific antibodies are developed by
thehost(2, 4, 8).

In a murine model of infection, a signaling cascade has been observed that brings an
invasion of neutrophils to the area after inoculation with the pathogen, constituting part of the
innate mmune respong@). The pneumococcus proceeds to the respiratory and olfactory
epithelium after inoculation, which results in recognition by the host and activation of the innate
immune systeni3, 6). The pneumococcus is first detected in the glycocatiempting to attach
to the mucosal surface of thasopharynxwhere the transparent phenotype is expreedhe
innate arm of themmunesystem will employ pattern recognition receptors such as thdikel
receptors (TLRs), NO#Hike receptors, RIG-like receptors, and DNA sensors located in the
cytosol to detect the invading pathodéh These signaling events promote opening of the
epithelial junctions, which allows for the influx of inflammatory mediators into the site of
attachmen(3). Activation of these receptors and sensors by molecules on the pathogen and on
certain bacterial virulence traits results in pineductionof inflammatory mediators, which then

recruit neutrophils to the infected area and activate the acute phase régpolmsene to three
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days after colonization there is an influx of neutrophils to the designated area, which is also
characterized as the primary infecti@.?3). The molecular adhesid®-integrin was once
though to be essential in the influx of neutrophils to the infected arela24mtiegrin’-mice
showed normal neutrophil traffickin@). Numerous adhesions have been implicatetién
pathogenesis &. pneumonigéut mice lackig the adhesion molecule galee8rexperience
faster lung infiltration and early systemic dissemination of the pneumoc(@cuSalectin3d is
also involved in neutrophikecruitment sending a signal to traffic neutrophils to the site of
colonization(8). Furthermorgthis adhesion molecuenhances pneumococci phagocytd8)s
Becauseoneumococci possgan opaque, thick capsule after they have attached to the mucosal
surfacethebacterium is very resistant to phagocytosis by the invamugrophilg2, 15. The
pneumococci will persist after the invasion of neutrophils has cl€2r&). If S. pneumoniae
lacks the exotoxin pneumolysin, the influx of neutrophils will not beobastand the carrier
state will persist for a longer period of tirrethe host3).

In order for the ho&s cells to attack the invading pathogen, sereggexific antibodies
are formed as well as complement proteins to augment phagodjosidthough, the
effectiveness of the humoral immune response must be patretheinflammatory response
and the cellular immuneesponséo mount an effective immune response ag&ngineumoniae
(2). TLR2 is located on the plasma membrane of host cells and recognizes lipoteichoic acid and
lipoproteins, both of which augmeittet inflammatory respongg, 6). Pneumococcaspecific
IL-17 is initiated through TLR2, and also expresSBgl' T cells(15). In turn, macrophages and
neutrophilsare recruited to the area of infection and carriage is red@é¢dl LR2-/- mice
showed educed pneumococcal clearance during the later stages of coloni2a@ipn
Furthermorean important role fo€D4* T cells, as opposed to humoral immunity, is showcased
in major histocompatibility (MHC) class 1t mice. Mice that do not express MHfass Il also

show an increasddngthof carriage pointingtowards the importance of the cellular immune



respons€2). Theacquisition of these natural CDR cells may lead to acquired immun{t6).
Invasivepneumococcallisease occurs if the pathagevades the initial host immunesponse

and transits into the terminal brongBi 4, 8). In the lower bronchial regions, where

pneumococcal pneumonia is localized, the actions of cilia and mechanical mechanisms are not
effective in clearance of the hadum(17). Thus, the alveolar surface must employ different
mechanisms to cleanse itself, or pneumococcal invasion can result in severe systemic infection or
possibly death.

Clinical Features

As with other respiratory tract invasions, the onset ajraahtion byS. pneumoniawill evoke a
mild upper airway aggravatid®). At the beginning of colonization the innate immune system
and other respiratory defenses, such as the mucociliary escalator, antimicrobial peptides, and
mechanical clearance (coyghill activate to clear the pathogé®). If these systems should fail
to rid the host of the pneumococci, the bacteria will travehédower bronchi and manifest as
acute communitacquired pneumoni@). The onset of communigcquired pneumonia i

rapid, and the patient will preseamith a fever, cough (which can contain blood in the sputum),
shaking chill, shortness of breath, and general discoif@priChest pain is present in the
majority of patients with communitgicquired pneumoni@). Treatment is available to patients,
but if the bacterium is allowed to grow uncontrolled in the host the disease can progress to
multiorgan failure, respiratory distress, bacteria actively dividing in the bloodstseaticémia,
and deatt{8). Upon examiation of a radiograph in a patient presenting with pneumococcal
pneumonia, one will see a progressively cloudy area in the lung where the bacterium ha
infiltrated (8). Due to the bacteriumability to invade the bloodstream, heamdbrain, patients
may first present witlsymptomsof sepsis, endocarditis, or meningitis before presenting with
symptomsof pneumococcal pneumonia, therefore this disease can be difficult to diggnhose

This problem is more common in severly immunocompromised patieatgeti young or the
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elderly, and in patients that develop pneumococcal pneumonia as a secondary if&ection
Finally, patients with asplenia and functional asplenia, both of which are forms of
immunodeficiency, are at a greater risk of developing inmegsneumococcal disease and a
higher mortality rate associated with the dis€a8e19).

Diagnosis of Pneumococcal Pneumonia

Streptococcus pneumoniean be grown on blood agar plates at 37°C in ai@Dbator(5, 8).
The bacterium adopts a crystal @btolor when the Gram stain technique is empld$&d Also,
due to the alpha hemolytic propertiesSofpneumonige distinct greer brown ring around the
bacterial colonies will be easily identifialffe, 8). Bacterial cultures can be obtained from
sputum, blood, or other body fluids such as cerebrospinal fluid or (&8 1§. Catalase or
optochin sensitivity assays are other methods useful in the identificat®arpoeumoniagl9).
The pneumococcus is catalase negative and optochin sengitther aiding in its identification
(29).

The urinary antigen technigue is a relatively new assay and is detected by
immunochromatograph{g). This assay detects the C polysac
which is located in the cell wall of thmmeumococcu). Although this assay is noninvasive and
causes no stress to the patient, a false positive can be detected in the early stages of invasive
pneumococcal pneumonia because the test is not as sensitive during mild inf@gtidrrgs
assayis best performed during the peak of pneumococcal infection, when bacterial counts are
high and the infection is quite sevé®. If patients do not deliver adequate sputum samples or
have already been on antibiotic therapy, the urinary antigen detestlomique can be employed
to deliver a definitive result.

Another test, based on DNA sequences that are specBicgiweumonigecan also be
effective in detecting pneumococcal pneumdBja These tests employ a very rapid detection

technque, and will be quite helpful in future research and clinical developments (8). As of right



now, these assays have a difficult time ascertaining the difference bgmegnococci
colonizationandinfection(8). Polymerase chain reaction (PCR) has bé&sn used in the
identification ofS. pneumoniaé0). Thismoleculardetection technique employs speeies
specific genes to aid identification(20). For example, the pneumolysin gene, autolysin gene,
and pneumococcal surface adhesion gpeaA haveall been used in molecular detection if the
pneumococcuf0). The pneumolysin gene has proved to be an inaccurate target because many
other members of th&treptococcusiridians family have been found to contain this gene,
specificallyS. pseudopneumiae andS. mitis

Pulmonary function tests may be used in a clinical setting to detect the effectiveness of
the respiratory systefi7). Malfunctions, such as dyspnea, may occur in patients presenting
with pneumococcal pneumonia, thus these tstshe quite useful in determinittee severity of
their condition (8, 1) Also, pulmonary function tests can be used to ascertain the effecivenes
of antibiotic therapy in treating communia&cquired pneumonia, among other resources such as a
sputum cliure to detect theffectivenes®f treatment(17).

Innate Immunity

The innate immune system is the first line of defense against invading pathogens in the human
body. The cells and mechanisrmaemprising the innate immune system defend the body ama n
specific, ubiquibus manner; that is, these cells are not pathegeaific, nor will they bestow
long-lasting immunity likethe adaptive arm of the host response. Although the innate immune
system is not as specific as the adaptive immune systetmdlyes first line of defense provides
various and immediate mechanisms to deal with the pneumococcus.

The first step in combating pneumococcal pneumonia is recognition by the innate
immune systen(6, 8). Pattern recognition receptors (PRRs) have thé&hil distinguish key
components on invading pathogens, referred to as patfasgeciated molecular patterns. When

PRRs recogniztheinvading pneumococcus, they produce inflammatory mediators, such as
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TNFa, IL-1b, IL-6, IFNa /, KC, and MCP1, which th@& go on to initiate the acute phase

response, control the influx of neutrophils to the infected area, and also control the adaptive
immune responsg). Take, for example, the hydrophilic head group of certain phospholipids,
phosphorylcholine. In ordeof S. pneumonia® cross the barrier from lung tissue into blood,
phosphorylcholine, which is a component of the pneumococcal cell wall, must bind te a host
derived receptor whose ligand is platedetivating facto2, 8). This human ligand also comai

phosphorylcholingthus the bacterium is able to mimic a host cell binding to the receptoriB). C

reactive protein (CRP), an acute phase protein and a PRR for the pneumococcuslibity toe
recognize phosphorylcholine in the bacterial cell \sati activate the classical complement
pathway, preventing the pneumococcus from creating a systemic inf@t8)n CRP directly
binds to phosphorylcholine and activates the classical complement pathway through interaction
with C1q, a complement compand2). If mice are deficient in this receptor, pneumococcus
growth is decreased and there is less of a risk of a systemic infEjtion

Toll-like receptors (TLRs) are also very important members of the pattern recognition
receptor family and also ¢hinnate immune syste(8). These receptors have the ability to
activate important transcription factors as well as detect pathogens at the host cell surface, or in
lysosomes and endosom@s8). These receptors also activate the adaptive immune respons
which makes tollike receptors vital in the fight agairnSt pneumoniaeThere are thirteen
known TLRs in mice and ten in humais 21). TLRs can be located on the plasma membrane,
such as in TLR152, -4, -5, and-6, or they can be found in endosesnsuch as in TLR37, -8,
and-9 (6). Transcription factorsNkB and/ or | RF3/ 7 are activated \
interaction with the four major adaptor molecules, MyD88, TRIF, MAL, and TRBM This is
accomplished via a signaling cascade whkeRs associate with the adaptor molecules.

TLR2, often considered to be the most important pattecognition receptor for Gram

positive bacteria, has the ability to recognize components of the pneumococcal cell wall,
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including lipoproteins and lipotehoic acid(6, 8). TLR2 is capable of recognizing traits that are
specific to Gram positive pathogens, such as large amounts of peptidoglycan, lipoteichoic acid,
and bacterial lipopeptides. The the inflammatory response, in the form of an influx aphdatr
to the colonized nasal surface, then folldvs p n e u m@apgniticsn(2, 8,8). However,
TLR2 is not a major contender in the fight against pneumococcal pneu(h6hiaAlthough,
TLR2 has been implicated as a major factor in innate immunatients with asplenia and
functional aspleni@l8). In a recent study conducted by Van der Poll, et@tifference was
found between wildype asplenic murine models and TLR2 knack murine models, thus
leading to the conclusion that in absencspiéen TLR 2 does not play a greater role in
protection againss. pneumoniathan in models with a functional sple@®).

Defects in TLR 9 are implicated in reduced clearance of the pneumococcus from the
lungs, leading to augmented bacterial colonizagiod increased mortali(, 8). In murine
models of infection, TLR 9 knockout (KO) mice experienced higher mortality rates because
TLR 9 is involved in detecting. pneumoniaBNA (6, 8). TLR 9 detects unmethylated CpG
DNA structure inside pneumoccal endosome®). TLR 9 is also thought to be vital in alveolar
macrophage¥!, where pneumococci are phagocytizey

TLR 4 is another receptor that is active in pneumococcal cleaf@gy®e As
demonstrated in TLR 4 KO mice, TLR 4 is oucial for bacterial clearance, upper respiratory
tract cell apoptosis, and decreased susceptibility to infe(@jorAlso, TLR 4 is the receptor
responsible for the proinflammatory effects of the pneumococcal exotoxin pneumolysin, and has
been implicatd in the ability to detect pneumolydiB, 6, 8). When murine models are infected
with high doses of pneumolysin, TLR 4 was active in cytokine and chemokine producti®n (IL
IL-1b, KC) along with neutrophil recruitment to the site of colonizatg)n Although, TLR 4 is
best known for its ability to detect the endotoxin lipopolysaccharide, a component of the outer

membrane in Grammegative bacterié6). TLR 2, TLR 4 and TLR 9 appear to be active in
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controlling pneumococcal infection, although therestittabundant questions to be answered
regarding the effectiveness of TLRs in the fight against pneumococcal colonization and infection.
Although defects in TLRs lead to increased susceptibility of pneumococcal pneumonia,
animals deficient inhe TLR-adaptor protein myelotdifferentiation primary-response protein
88 (MyD88) are tremendously vulnerableSopneumoniamfection, with MyD88—deficient
mice experiencing a 10d0ld increase in bacterial counts compared to that of-iyjd@ mice (6,
8,16). This depleted immune response is in part due to decreased innate immune system
activation by IL-1 and IL-:18, which interact with MyD88 and results in diminished cytokine and
chemokine production, increased mortality, sepsis, pneumoniaaatetdmia in models of
meningitis(6, 8). Children born with a genetic defect for MyD88 orlllreceptotassociated
kinase 4 (IRAK4), which is a phosphorylation enzyme that exerts its effect immediately
following the MyD88 protein, are also very vulne@ldS. pneumoniamfections that are
particulary invasive and deadly during early childhood y&&ri6.
The nodlike receptors (NLRs) and inflammasomes are also active in the innate immune
response to invasive pneumococcal dis¢ésg 16). Thereare twentytwo cystolic NLR
proteins, and thirtgthree, possibly more, in murine animé#3. Nucleotidebinding
oligomerization domain protein (Nod) 1 and Nod2 have been implicated in the detection of the
bacterial cell wall component peptidoglycan, ghis found in much greater amounts in Gram
positive bacteria such as the pneumoco¢6u®, 16). Nod1 and Nod2 activate a nuclear
transcription factor known as NKB, which is a dependent pioflammatory geneafter
detectingS. pneumoniaim vitro (6). Mice that do not express KB exhibit reduced clearance of
pneumococci in the lungs, and bacterial counts appear highekid kifockout micg8). Nod2
recognizesind becomes activated by muramyl dipep(&le3). Muramyl dipeptide is a common
protein that is a component of the bacterial welll peptidoglycanand can be found in the

cytosolof almost all Grarpositive bacterig6, 1§. Once the pneumococcusngernalized by
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macrophages it must be digested within lysozymes, and then delivered to the rosytmdbl,
where it is recognized by Nod2 and leads to its activgBhnWhenS. pneumoniais recognized
by Nod2, coupled with the actions of TLR2, iaflux of macrophages are recruited to the area of
colonization in the upper respiratory tract, through MiCBroduction, thus leading to a faster
clearance of the bacteriuf®). Also, NOD2 also activates the transcription factor KB,
leading to theranscription of proinflammatory genés). Type | interferons also appear to be
influenced by NodZ6). DuringS. pneumoniaeolonization, Nod2 seems to contribute to the
type | interferon response brought on by colonizat&)n

It was originallythought that Nod1 was nohportantin pneumococcgbneumonia
because it recognizes peptidoglycan fragments, specifically-diasonopimelic acid
(mesoDAP)containirg muropeptides, that are common to Graegative bacteria, but Jeff
Weisefs lab providedome insight on the top{6, 16. Interestingly, Gram negative bacteria
that are a component of the natural gut flora produce mesaoBBpeptides that enter the
systemic circulation and activate an influx of neutrophils, which can then be used to defend
against invasive pneumococcal dised®®).( Therefore, the extraneous use of brspdctrum
antibiotics for example, which kill the normal gut flora, may make an organism particulary
vulnerable to invasive pneumococcal disease, once again stressiagdhsress of unnecessary
antibiotic use (16).

Inflammasomes are protein complexes that are formed after the recognition of a wide
array of stimulants from the various NLRs, including NLRP1, NLRP3, and NLR®&}4 After
inflammasomes are formed, activet of the enzyme caspasdollows that secretes cytokines
IL-1b, IL-18, and IL-:33, which are critical to the innate immune response of theg(®jpst
Pneumolysin (PLY) is critical for the activation of caspasand thus the formation of the
subsequent cytokings). These inflammasomes are also crucial from a-fpasslational

modifications standpoint; they cleave-18 and IL-1b, thus producing functional cytokines from
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their nonfunctional zymogenic counterparts, also known as thdquro of the molecul€6).
NLRP3 knockout mice have a greater morbidity ratestikely due to the influence NLRP3
exerts on bacterial clearance in the lu(@®s This inflammasom@roducing protein appears to
control the rate of bacterial clearance in the I(8)g NLRP3 is also responsible for maintaining
the integrity of the edothelial and epithelial barriers in the lung tis@gle Finally, the NLRP3
inflammasome has been shown to be involved idlproduction in macrophages and dendritic
cells (DCs), a process that is stimulated by the exotoxin pneum@ysiAlM2 is another
inflammasomeproducing protein that influences-lIlb production in infected host macrophages
(6). When IL-1b, IL-1, or IL-18 production is impaired in murine models, the animals experience
a much greater susceptibility & pneumoniamvasion(6).

Another important factor in host recognition of the pneumococcus, often considered the
link between the innate and adaptive imma response, is dendritic cells (DCH}, 20.
Dendritic cells are antigepresenting cells (APCs) that will engulf, dijeand process the
pneumococcusThe maturation of DCs is characterized by the production of cytokines, which
promote the immne ystem responseDCs, through the action of cytokines, have the ability to
alert and actiate the innate immune response (2Also, DCs are capable of initiating the
adaptive immune response togfficking to lymphoid organs, which house naive T celtgl a
promoting clonal expansion of naive T c€lld, 22 23). Until recently, human dendritic cells
were associated with the bacterial exotoxin pneumolysin, which punches holes into host cells and
induces an inflammatory respond®). However, researchal shown that human DC infection
with the pneumococcus, which expresses pneumolysin, promotes formation of proinflammatory
cytokines, DC apoptosis, activation of inflammasomes, and inhibition of host DC.

Acquired Immunity

Acquired immunity, also referreld as pathogespecific immunity, is the highly adaptable

second line of defense for the body. When the pneumococcus is hot contained within its carrier
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niche in the nasopharyny, it can infiltrate the lower bronchi and cause invasive pneumococcal
diseasd2, 3,8). In order for the body to effectively clear this invasive pathogen, the innate and
acquired immune responses must be orchestrated together. Upon presentation of pneumococcal
antigens using dendritic cells and macrophages, B and T cell pathpgeific populations
develop and migrate from the inductive site, through the systemic circulation, and settle on the
mucosal surface of the nasopharynx, also known as the effect@4iteBy employing the
pathogerspecific arm of the immune systerhetbody can activate serotyppecific antibodies
coupled with the complement system for opsonization and, increasingly gaining more interest,
CD4+ T cells in the fight again§. pneumoniaé, 16 24).

During the initial host colonization, it has besvown that CD4 T cells have the ability
to recognize pneumococcal surface antig@hs Using a murine model of pneumococcal disease,
researchers were able to prove that TidRpendent, antibodyndependent CD4T cells lead to
increased Tcell infiltration in the infected lung, and also producelllA, which has been shown
to increase macrophage and neutrophil influx to the nasopharynx through granulopoeisis and
chemokine induction, and assist in pneumococcal clearance during colonization and primary
infection(2, 7, 8, 16, 25). During pneumococcal colonization, CB4 -cell-deficient mice were
not able to clear the pneumococcus, which could be due, in part, to the lack of a T hEtdér 1 (
responsé2). Induction of thel'hl response has previouslydrmeshown to protect humans from
invasive pneumococcal diseg2% In order for the host to accumulate large amounts of T cells
in the lungs at such an early stage of disease, pneumolysin must be expressed by the
pneumococcuB). It has been shown thaheumolysirdeficient pneumococci fail to stimulate
the T-cell migratory process and will not induce CPBR cell-dependent clearance, while
pneumococci that express pneumolysin are successful in stimulating the migratory process and
clearanc€2). When CDBI+ T cells are lesthanadequate in numbers, patients experience-a 50

fold greater risk of developing invasive pneumococcal infections as well as other respiratory
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infections(2, 7). Loss of memory B cells, decreased pulmonary immunity, and decredisétyt ac
of anticapsular antibodies are a few mechanisms that are affected with lowTC&4l numbers
(7). Additionally, CD4+ "~ mice, which lack MHC Class Il molecules, experience greater
bacterial loads than mice with normal CD# cell counts (2, 26 In a model of pneumococcal
carriage, it has been demonstrated that antHgedigient mice were protected against
pneumococcal colonization, but CBA cell-deficient mice were not protecté?, 25. These
results were observed two months after imination, dispelling any notions that these results are
a product of innate immunity and showcasing the involvement offCDdells in longlasting
immunity (25). It is not yet understood how CB4 cells precisely protect against
pneumococcal colonizaim, but a few theories have been sugge@gl For exampleCD4+ T
cells have been implicated in generatingThé response through TLR4 ligands, which have
been shown to favor tHEh1 respons€25). Thus, instead of the notion that each ST, based on
the antigens presented in the capsule, presents a different pathogen for the host immune system to
eradicate, it may now be appropriate to consider the host seintigigendent and elucidate a
common mechanism across all pneumococcal serofgpes
The humoral immune response includes the interactions of B cells with T cells, and the
di fferentiation of naive B cells into antibody
been implicated as one of the crucial immune functions mediating pneacabclearance.
SinceS. pneumoniae s an extracell ul ar pathogen, <c¢l ass-s"
specific to each serotype must be produced to mark the pathogen for destruction. Thus, strategies
to increase the humoral immune responsg. jpreumoniagathogens may confer a large degree
of protection to invasive pneumococcal disease.
The first step to invasive pneumococcal disease is carriage within the nasopharynx. This
colonization step typically happens within the first two years of difel can lead to the

devel opment of serotype-specific antibodies (7
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devel opment of anti-capsular antibodies resul:'t
in life, or contributes to the decline in colaation as children age (26).

Vaccination strategies have been utilized around the world to minimize the incidence of
S.pneumoniae ol oni zati on and di sease progression. C
23-valent pol ys ac ehageriniusedy heaitmprofegsianale (274). albesei n
vaccines target the polysaccharide capsule of the most prevalent serotypes, as determined by
assessing clinical isolates from human patients (11). However, there has been a large movement
to develop a vazne that targets all clinically relevant STs, since the conjugate vaccines are only
protective againstcertainSTs A seri ous contender for a pan-s
pneumolysin, a virulence protein expressed on all clinically relévambeumoniaserotypes
(28) . Novel, protein-based vaccines thnat targ

development.
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Introduction to Vitamin A

The retinoids (vitamin A) are required in numerous in biological processes including
epithelial barrier maintenance and integrity, immune function, vision, reproduction, and normal
growth and developmefi29, 30). In addition to the many physiological functions vitamin A
(VA) and its metabolites participate in, its active vitamer retinoic acid (RA) is essential in the
regulation of over 500 proposed geli@8). VA can be found in the diet as two forms
preformed vitamin A, which consists of retinol and retinyl esters, and pro vitamin A, which
contains the carotenoitis €earotenea -carotene, antl €ryptoxanthin(29). Retinoids and
carotenoids are widely distributed in foods, but liver, margarines, andedrfifods have the
highest level of preformed VA, which is found predominately as retinyl esters. (REs)itamin
A is found in abundance in colorful vegetables, such as spinach, squash, and carrots. Normal
digestion in the duodenum of the small intestis required to release VA from the complex
matrix of food, releasing primarily REs as the final degradation product. REs must be hydrolyzed
by retinyl ester hydrolase (REH), either in the lumen of the intestine or at the apical membrane of
the enterocte (30). Free retinol (ROH) and a fatty acid (FA), usually palmitate, are released as
products of REH digestion. Since VA is hydrophobic, and thus lipid soluble, VA digestion is
optimized when consumed with dietary fats, as this promotes emulsificatiobile salts and
dietary FAs, incorporation into micelles, and uptake of VA into the enterocyte. ROH will be
incorporated into micelles along with other products of digestion, such as cholesterol, dietary
FAs, and bile salts, and absorbed into the entee via passive diffusion. It is postulated that

b €arotene, a form of provitamin A, will be taken up into the enterocyte via the scavenger
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receptorSRB1, and once within the enterocyte it <can
dioxygenase to fon two molecules of retinal. Retinal can then complex with cellular retinol
binding protein Il (CRBP II) located in the cytosol (29, 30). Retinal can be reduced by retinal
reductase to ROH, which will also complex with CBP II.

Although VA is a biologicdl essential micronutrient, it is highly toxic to the body and
thus must always be associated with a binding protein (BP) or chaperone protein when being
shuttled through the vasculature or tissues in order to prevent the retinoids from causing damage
to cell membranes. Furthermore, the BP provides solubility to the insoluble retinoids, allowing
them to be transported to the tiss(#%). Therefore, once ROH enters the enterocyte it will
immediately complex with cellular retinol binding protein Il (CRBP IOnce bound to CRBP II,
the ROHCRBP Il complex is how an appropriate substrate for lecithin: retinol acyltransferase
(LRAT) (29, 30) LRAT catalyzes the formation of REs by esterifying a fohgin fatty acid
(LCFA), typically palmitic, stearic, orleic acids, to CRBP 1lbound ROH29). At physiologic
concentrations of VA, LRAT is capable of esterifying all of the bound ROH so that its product
can be incorporated into nascent chylomicr@®. However, large bolus doses of VA, either as
pro- or preformed VA, are capable of saturating CRBP Il and thus limiting the activity of LRAT.
Therefore, the body employs an overflow mechanism, also known as acyl COA: retinol
acyltransferase (ARAT). ARAT does not require CRBBdund ROH as a substrate; &thfree
ROH can be esterified with a LCFA to form REs and be incorporated into chylomicrons for
subsequent transit through the lymphatic syg®h Nascent chylomicrons are secreted into the
lymphatic system and rapidly hydrolyzed into remnant chylomig, which are cleared by the
liver (30). Also, a small portion of ROH may be secreted from the enterocyte and bound to
retinol binding protein (RBP) in the plasma, although this is not a major means of excretion from
the enterocyte (29). The chylomiareemnants enter the hepatocyte through the space of Disse,

and are sequestered by heparin sulfate proteoglycans and subsequently taken up by hepatic lipase
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(HL), or the remnant will bind to the LDL receptor (LDLR) via its apo E moiety, depending on
the plysiologic state of the individu&R9, 30) It is proposed that the REs are subsequently
hydrolyzed by carboxylesterase ES10 located on either the endoplasmic reticulum (ER) or
endosomes (29). Although the exact mechanism is unclear, ROH is traffidkedhepatic

stellate cells, which are specific for RE storage, presumably bound to GRBF3D) It has

been shown that mutant mice with a CRBP | deficiency have a 50% decrease in levels of retinyl
palmitate, which is the primary fatty acyl group e$ied with ROH (29, 30). Hepatic stellate

cells highly express the ROebterifying enzyme LRAT, and the newly formed REs are stored in
lipid droplets in the stellate cells. mMRNA expression of LRAT in liver stellate cells is directly
proportional to VA gatus (29). Thus, in time of VA adequacy (VAA) humans will store a very
large portion of their VA (~ 90%), while during times of VA deficiency (VAD) LRAT activity is
greatly reduced in the liver, due to the decrease in transcription of LRAT n{BNA

When VA must be mobilized from the liver for use in other tissues, retinyl ester
hydrolases (REHs) work on the REs and release free retinol into the circulation (31). In tissue,
ROH is converted to retinal, and terminally oxidized to RA. RA can thdorpethe
physiological functions of VA. RA has many functions in tissue development, embryogenesis,
reproduction, and vision, but this review is p
development and function.

RA acts by binding to nucleaeceptors found within the promoter of genes, and
represses or induces the transcription of mMRNA (32). The retinoic acid receptor (RAR)
heterodimerizes with the retinoid X receptor (RXR) in regions of the DNA referred to as retinoic
acid response elemesnfRARES) (33). The RAR family contains three members: RAR alpha,
RAR beta, and RAR gamma (33). RA has numerous functions in the immune system such as,
leukocyte homing, plasma cell differentiation, inducible T regulatory cell induction (iTregs) and

effector CD4+ T cell subset differention.
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Leukocyte homing is a process by which immune cells traffic to injured or infected areas
of the body through the use of chemotactic molecules (i.e., cytokines) and the coordinated
expression of adhesion moleculg&dD103+ (mucosal) DCs are capable of synthesizing RA from
ROH, and the presence of RA increases the expression of the gut homing iaditkeand
chemokine receptor 9 (CCR) on T cells (34). That is, when the T cell receptor is engaged by
RA-pr o du cactivaged Ddells display increased expression of gut homing markers, which
increase the migratory ability of T cells to the lamina propria. Furthermore, Song et. al. (34)
discovered that vitamin A deficient (VAD) mice had reduadéd7+/CD4+ activated TEells in
secondary lymphoid organs (spleen, lymph nodes, etc.), and, interestingly, VAD mice contained
normal T cell populations in the liver and lung, but intestinal lamina propria T cells were
completely depleted. Thus, RA is essential for the indonafagut homing markers to the
intestine.

Moreover, RA has crucial rolesing A-secreting plasma cell dif

“

(33). Pl asma cell s are an antibody-producing
extracellular pathogens and foreign bodies. IgA is an antibody commonly found at mucosal
surfaces and ibodily secretions, and is most often found in its secretory, dimeric form (35). In
the blood, IgA can also interact with CD89 present on immune effector cells to induce a
respiratory burst in granulocyt esnophishd de-gr an
triggering an inflammatory reaction (35). It was discovered that RA also plays an essential role
in |IgA-secreting plasma cell function. RA and
synergized to induce the expression of gut homing markers aretsy IgA from B cells (36).
VAD mice did not contain | gA-secreting pl asma
RA in gut homeostasis and tolerance (36).

RA is also critical for CD4+ T (Thelper) cell differentiation and function. Thedpds

promote the adaptive i mmune response by hel pi
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For exampl e, CD4+ T cells are critical for ant
lymphocyte) activation and growth, and macrophage functiastokitally, CD4+ T cells were
divided into two categori es: Thl or Th2. A T
intracellular pathogen clearance, and the signature Th1l cytokine is interferon gamrga (IFN
Conversely, a Th?2-ssaydovleost deferss gnainstexracellslar invaders,
and the polarizing cytokine is | L-4. VA is kn
signature cytokines I L-4 and I L-5 by acting th
transcription factoGATAS3, which acts to increase the transcription of genes that promote Th2
CDA4+ T cell differentiation (37).

Additionally, RA is known to affect another CD4+ T cell subset, referred to as Th17
cells. Th17 cells comprise a recently discovered Thelpesuleset that is present at mucosal
surfaces. They secrete I L-17A and I L-17F, whi
injury or infection. Th17 cells have recently been implicated in the development of autoimmune
and allergic diseases, aark known to cause tissue damage and inflammation at a site of injury.
I n the preemdcel Lof6, TGFai ve T cells differenti a
secreting I L-17, Il L-a33B,7)I.L -2, tlhle- &,rbeaairen cTeN Fo-f
T cells will oppose Th17 cell commitment and differentiate into Tregulatory cells, which promote
an immunosuppressive environment and discourage the development of autoimmune cells (38).

RA acts to decrease the expr @s&shsigmlinggf the 1 L-6
effectively shifting the balance towards a Tre
Finally, RA is known to induce the differentiation of naive T cells into T regulatory cells.
Forkhead box protein 3 (FoxaB80risthae Eomastels
di fferentiation of T regulatory cell s. Regul a

the modulation of immune system function, especially the inflammatory response. There are two
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subsets of Tregulatory cells: nedl and inducible Tregs. Natural Treg develop in the thymus,

and are a committed regulatory T cell that expresses Foxp3 as they migrate from the thymus into

the periphery (40). Conversely, inducible Tregs (iTregs) are uncommitted as they emerge from

thet hy mu s, and differentiate into TregRA in the
and |l ow |l evels of 1L-6 iTregs wil/ devel op and
to immune homeostasis (37). Additionally, Foxp3 can bind to aedtbi inhibit the action of

the Th17 cell nuclear receptors, ROBnd ROR) teffectively halting the transcription of Th17

cell —associated genes (37).
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Chapter 2

Rationale, Hypotheses, and Aims

Rationale

Pneumonia is an inflammatory condition of the lowespiratory tract that can be contracted from
numerous pathogens such as bacteria, viruses, parasites, or fungi. Idiopathic (noninfectious)
pneumonia can also ari se, but these cases ar e
pneumonia.Streptococcus pnewniae-i nduced pneumonia i s a major
both the United States and developing countries, contributing to 1.6 million deaths annually
worldwide (41). Pneumococcal pneumonia can affect all populations, but infection is most
frequently olserved in immunocompromised, elderly, and very young (< 5 years of age) patients
(41). Bacterial pneumonia infection claims the lives of approximately 800,000 children per year,
and the majority of those deaths are concentrated in the poorest coutries (2

The VA status of neonates is naturally low, and status is further compromised in
premature infants and maternal vitamin A deficiency (VAD). Therefore, the World Health
Organization (WHO) recommends VA supplementation in bolus dose capsules to dhildren
months to 5 years of age (42). However, the WHO does not recommend VA supplementation in
0-6 month old neonates due to insufficient dat
VA, in the form of RA, is critical for both immune system matwatand normal lung
development during the neonatal period. Thus, studies on neonatal VA supplementation are
required to elucidate the efficacy of supplementation and its effects on immune system

maturation, lung development, and overall health of the nawb
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We propose that VA supplementation in the neonatal period will reduce the buiglen of
pneumonia&sT3 and ST14 in the lung of infected mice by regulating the innate and adaptive
immune response. VA is transformed through multiple conversionsuretigntil it undergoes
its terminal oxidative reaction to RA. RA acts as a transcriptional regulator by binding to retinoic
acid responsive elements (RARES) located in the promoter of genes and influences mRNA
transcription. We hypothesize that the p@ér status observed in neonates causes a decreased
antibody response and reduced Treg cell populations, leading to increased bacterial load and
inflammation, respectively. Therefore, VA status may be a primary factor contributing to the
increased mortaljtand morbidity observed in neonatal patients infected with pneumococcal

pneumonia.

Question: Does early life VA supplementation reduce the burde®. giheumonia8 3 or ST14

infection in the lung and blood of neonatal mice?

Hypothesis: VA supplemetation to vitamin A marginal (VAM) neonates will induce the

di fferentiation of anti bodysS pneundniamfectiogand! a s ma
thus promote faster pathogen clearance.

Specific Aim 1: Measure, by quantitative plate counts, lamgl blood colony forming units

(CFUs) duringStreptococcus pneumoni&e3 or ST14 infection in VAM and VAM + VA

supplement treatment groups.

Question 2:Does VA supplementation during the neonatal period change the immune cell
populations present in thieng during an acut8. pneumonia8T3 or ST 4nfection?
Hypothesis:VA supplementation to VAM neonates will increase the B cell and myeloid

populations in the lung during acute pneumococcal infection with ST3 or ST14.
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Specific Aim 2: Measure, via fhw cytometry, the changes in the aforementioned immune cell
populations in the lung during pneumococcal pneumonia infection with ST3 or ST14 in VAM

and VAM + VA supplemented neonatal mice.

Question 3:Do the immune cell populations present in the lufiigdbetween infection witls.
pneumonia&sT3 and ST14?
Hypothesis 3:Infection withS. pneumonia8T14 causes a massive granulocyte infiltration to the
lung, while ST3 infection causes little immune cell migration and lung infiltration.
Specific Aim 3: Measure, via flow cytometry, the changes in neutrophil, macrophage
(mo) , NK, and NKT cell popul ations in the lung

ST3 or ST14. Additionally, a myeloperoxidase assay will be used to assess neutrophil activity.
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Chapter 3

Materials and Methods

Animals. Adul t (8-12 weeks ol d) male andharlesmal e Bal
River Laboratoriesand housed in a specific pathogem ee f aci |l ity -igmder a 12
cycle. Animals were kept in polystyrenented cages at 22° C with free access to food (see

below) and water. All procedures for animal care and experimental use were in accordance with

the Pennsylvania State University’s Institutio

(IACUC#41454).

Breeding. Harem mating (2 adult females, 1 adult male) was used to generate litters. Adult (8

weekol d, n=2) Bal b/ c dams were bred with adult (
above conditions. After 10 days the animals were separated and placesiduaidiages with

ad libitumaccess to food and water (see next section for detailed diet information). After

gestation and birth, litters were not disturbed for four days. On postnatal day 4 (pnd 4), pups

were examined f or s eosteradtodjenargteprandomizeid ebtméntygrogps 0 s s —

and eliminate a litter effect.

Diets. Adult male mice were fed a standard chow diet (Rodent Diet 5001; Purina Laboratory) for

al | experiments. After breedi ng,fieddetnB35wer e pl
ng retinol/g Al N-93G di et ; Research diets, New Brunswi
of VA in milk to pups in order to generate VAM pups. Dams and pups remained on the VAM

diet for the duration of the VA supplementation experimeriio mimic the bolus dose VA
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supplement used in children > 6 months old, randomly selected pups were directly fed either
vehicle (canola oil; control) or VA supplement (158pretinyl palmitate, Sigma, dissolved in 10
m canola oil) on pnd 12. Treatnenas administered in two doses, pnd 12 and 13, prior to

infection using a positive displacement pipette. FoiStheneumonia8T3 and ST14 comparison

studies, all animals were fed the standard chow diet.

Neonatal pneumonia model.S. pneumonia8T3 (ATCC 6303) was reconstituted in 1 ml
Todd-Hewitt broth (THB) and,ar ouwmt iflorl ®gd—- thh aag e
was reached. A |l oopful of Il og-phase bacteri a
with 5% sheep’ sticBystens,dpatk® BID)Arid grgwn overnight (O/N) at 37°

C and 5% C@ After overnight growth, an isolated colony was chosen and grown in THB for 6 h

or until mi d-1og phase was reached. Mi d-1og p
al i gu 80f Gin 2b% glycerol as working stock. pneumonia8T14 (ATCC 6314) was

reconstituted in 1 ml Brain Heart Infusion (BHI) broth and growth for 24 h at 37° C and 5% CO

or until l og-phase growth was r eac haedan A loop
Trypticase soy agar plates with 5% sheep’s bl o
grown overnight (O/N) at 37° C and 5% €QAfter overnight growth, an isolated colony was

chosen and grown in BHI brotlkkhedr 6 Mhdet ognpihla
cultures were frozen in 0.5 ml and 1 ml aliquo
Pups were dosed, via direct mouth feeding with a positive displacement pipette, with VA

supplement or vehicle one time per day 2 daysrieehe inoculation (pnd 12 and 13). Prior to

each infection study, an aliquot of frozen ST3 or ST14 working stock was thawed at room

temperature and centrifuged at 150@for 15 min at 4° C and washed twice with 1x DPBS.

Mice were anesthetized withosurane and intranasally inoculated with 1%301 x’LBUs of

ST3 or ST14 in 20 1x DPBS. The pup’s jaw was gently c
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was placed directly on the nares of the neonates, which forced them to inhale the pathogen

directly into their lungs. The infectious dose adnieried in each experiment is noted in the

figure | egends. Non-infected control mi ce wer
mice were monitored twice daily for signs of distress such as labored breathing, disheveled
appearance, dehydration, amdight loss. If weight loss was greater than 20% of original body

weight, animals were euthanized by £&®phyxiation and vena cava blood was collected.

Pneumonia pathogenesis and disease severity was monitored at 4 h, 12 h, 24, 48, and 72 h

p ost —onrpfi.)e Attsdlected time points, animals were subjected t@§ihyxiation and

vena cava blood, lung, and liver was collected. Whole blood was used to determine the extent of
bacteremia. The liver and small portion of the right lobe of the lungmags frozen in liquid
nitrogen and stored at -80° C for Ultra-perfor
analysis, respectively. The remaining portions of the lung were sectioned as described below and
used for the following assays: the completelbbe of the lung was stored on ice and used for

flow cytometry and the remaining portion of the right lobe was stored on ice and used for CFU

determination and a MPO assay.

Pneumococci recovery from the lungs and bloodA portion of the rightobe of the lung was

homogenized in 1 ml of PBS (part 1), and serially diluted in a 1:10 dilution schenm 020
homogenates were plated on Trypticase soy agar
blood and grown O/N at 37° C and 5% £Q0m of whole blood was plated on Trypticase soy

agar plates (BD Biosciences)nONam7°Liamdb% GO 5% s he
to determine the extent of bacteremia. Bacterial colonies were counted the following morning.

In later infection studies (part 2) a portion of the right lobe of the lung was homogenized in PBS

according to lung weight (i.e., 1grissue = I PBS), and utilized as described above. The
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Flow cytometry preparation and analysis The left lobe of the lung was minced on a wire

mesh grid inLO ml of PBS. The resulting cell suspension was filtered througimBylon

-80°

mesh, and centrifuged at 1500 rpm for 10 min at 4° C. Cell suspensions were aspirated and

subjected to red blood lysis. The cells were then centrifuged at 1500 rpm for 404hi@,

aspirated, and resuspended in 1 ml of flow buffer (PBS + 1% BSA + 0.05% Sodium Azide). Two

x 1Caliquots of cells were resuspended in flow buffer and stained witigOof antibody. The

following combinations were used in the various experiméable 1):

Immune cell populations Antibody Conjugated fluorochrome
anti-Gr-l FITC
anti-B220 PE

Lymphocytes/granulocytes (part 1) OR CDI9

anti-CD43 PECy7

anti-CD3 Alexat47

anti-zCDLlh | PE

anti-CDlle | FITC

Myeloid populations (part 1 & 2) ,

anti-CD43 | PECy7

anti-F4/80 APC

anti-CD27 PECy7
' APC

NK/NK T cells (part 2) anu- DA
anti-CD3. FITC
antiCDLlh | PE

Table 1. Flow cytometry antibodies used

Cells were stained for 60 minutes in the dark at room temperature, washed with flow buffer,

washed at 1500 rpm for 5 min at 4° C, and fixed imi/&f fixative (4% paraformalehyde) for a

C
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minimum of 30 min. Samples were run on an Accuri C6 flow cytometer (Accuri, BD

Biosciences, San Jose, CA), and channels were optimized for each fluorochrome used. Unstained
samples (negative control) were prepared from pools including tiietand treatment groups

and used to set up the lieell gate, and determine the parameters of background staining versus
positive staining for each antibody used. Ceklswe st ai ned with singl e, i
antibodies (positive control) to set the appropriate compensation for samples stained with

multiple antibodies.

Myeloperoxidase (MPO) assayLung homogenates were thawed at room temperature, and a

100m aliguot was removed and mixed with equal volume 1% hexadecyltrimethylammonium

bromide buffer (1% hexadecyltrimethylammonium bromide in 50 mM potassium phosphate
buffer, pH 6.0). Samples were vortexed vigoro
C waer bath, and vortexed again for 1 min to extract the enzyme. Samples were then centrifuged

at 5000 xg (6080rpm in Beckmancentrifuge)for 30 min at 4° C, and the supernatant was

coll ected. In a 96 well pl attassiumplaosppdtedHferwe r e 3
Afterwards,O-di ani si di ne- HiCdnisilditneenHCL and 50 mM pc
buffer, 0.334 mg/ml) was added to the samples to achieve a final concentration of 0.167 mg/ml.
Standard (commercial MPO, BD Biosciences)®asf ol d serially diluted t
curve. One percent hydrogen peroxide was added to the standard and samples to initiate the
enzymatic reaction. After 30 s, samples were read on a plate reader at 450 nm. The second

dilution was used for sampémalysis.

Ultraiperformance | i qui Todetdrimine Wastagof thembopate, UP L C)
liver retinyl esters were quantified in tissue homogenates by UPLC. Briefly, lung tissue was

weighed, homogenized and subsequently extractactimoroform:methanol (2:1, v/v) solution
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overnight. Tissue extracts were filtered, rinsed, and washed the following morning.

Tri methyl methoxyphenyl -retinol was used as the
lipid extracts. Samples wereethdried and reconstituted in chloroform:methanol (1:1) solution

for UPLC analysis. Approximatelym. s ampl e vol ume was injected o
UPLC column, and eluted with 90:10 methanol -—wa

mobile phae). The eluted sample was analyzed at 325 nm.

Statistics. T wo -way analysis of variance (two-way ANO'
compari sons post-hoc test was used to analyze
myeloperoxidase data. Bodywkig dat a was analyzed by a two-ta
post -hoc analysis. UPLC data was analyzed by
compari sons post-hoc test. Al statistical an

software (version 6.0, Lalla, CA), and & value of less than 0.05 was considered significant.

Additional note. The experiments performed were a combined effort of a few members of the
Ross lab, including myself. | was primarily responsible for animal care, lung and blabd CF
determination, and the MPO assay. Flow cytometry prep and analysis was divided amongst
myself, Qiuyan Chen, MD., Ph.D., and Katherine Restori, Ph.D. Nan Qi Li, Ph.D. performed the
UPLC analysis. Conceptualization and experimental design was a coreffmedf myself, A.

Catharine Ross, Ph.D., and Katherine Restori, Ph.D.
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Chapter 4

Results

Part 1: VA supplementation before an acutestreptococcus pneumonidafection in
neonatal mice

Experimental design

Neonatal mice were supplemented with retinyl pateior vehicle one time per day for 2
days (pnd 12 and 13) immediately before inoculation ®ithneumonia8T3 or ST14

(pnd 14). The experimental design is illustrated in figure 1.

Figure 1: Experimental design for VA supplenentation studies

' o

& XXX XK

Pnd 12 Pnd 13 12h 24 h 48 h 72h
= Dose with retinyl ST 3 infectious dose = 1 x10°
palmitate or vehicle

ST 14 infectious dose =1 x 107

= Infectious dose
administered on pnd
14

= Sacrifice post-
infection

Model = Male and female
offspring of Balb/c mice
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Body weights
After inoculation, mice were sacrificed at variousdipoints and examined for changes in body

weight (Figure 2).
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Figure 2: Total body weights at time of sacrifice

Animals were dosed with either retinyl palmitate or vehicle, and subsequently inoculated withQRJ$®fS.
pneumoniaé&ST3 or 1 x 10CFUs ofS. pneumoniaBT14. Animals were sacrificed at various time points. Bars represe
SD of 3 independent vivoe x per i ments (n = 12-15 animals per treat
di fferences as analyzed by two-tailed t-test and Aju
Non-infected (n.i) controls were sacrificed SGFJSITB.eC) i
Neonates (pnd 14) infected with 1 X’ GTFUsST14. D) Adult (8 wk) females infected with ST3 at 1 x°10
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Retinyl palmitate supplementation had no effect on pup body weight (Figure 2A). However, pups
infected withS. pneumonia8T3 and treated with VA experienced a significant deseréa body

weight from 4 to 12 hours p.i, while the body weights of pups infected with ST3 and dosed with
vehicle did not significantly increase or decrease (Figure 2B). Mice infected with ST14 exhibited
a decrease in body weight from 12 to 24 hoursrpeispective of treatment (Figure 2C), while

adult female mice inoculated with ST3 showed a drop in body weight from 24 to 48 hours p.i.

Lung and blood bacterial load during acute phase pneumococcal pneumonia

In order to assess pneumococcal colonizatiomg homogenates were serially diluted, plated on
blood agar plates, and grown overnight. Pneumococcal colonies were then measured to
determine the extent of bacterial burden at the primary infection site (Figure 3). Treatment with
retinyl palmitate (VA) had no effect on bacterial burden 4, 12, or 24 h p.i (Figure 3A, 3B, and 3C,
respectively). However, animals infected with ST14 had a much greater bacterial recovery at 4 h
p.i than 24 h p.i (P < 0.05) (Figure 3D). Similarly, lung CFU counts werdisagntly decreased

at 12 h p.i compared to 4 h p.i (p < 0.01) (Figure 3D). Bacteremia, as determined by whole blood
CFU analysis, was generally not present at any time point and presence was independent of

treatment (data not shown).
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Figure 3: Bacterial recovery from the lung during the acute phase of pneumococcal pneumonia infection

Animals were dosed with VA or vehicle, and then infected with 1CEUsS. pneumonia€T3 or 1 x 10CFUsS.
pneumoniaé&sT14. Animals were euthanized at 4, 14, and 24 h. p.i., andnlgs were collected. Lung
homogenates were serially diluted and plated overnight to determine bacterial load. Log CFU values + SD a
shown. Each plot represents one animal. An asterisk is used to denote statistical significance as determine:
two-way ANOVA with Bonferroni’'s post-hoc test. F
(A) or 3in vivoexperiments (B, C, D). Data is representative of lung bacterial recovery at 4 h (A), 12 h (B), an
(C) p.i. PanelDillustras al | experiments combined (n = 12-15



37
Flow cytometry preparation and gating
Lung cells were stainedwithOmpy of f |l uorochrome-|1 abeled antibo
paraformaldehyde. The addition of paraformaldehyde effectively killed the cells, but was used to
preserve cell integrity. Rot to sample analysis, cellular debris and undesirable cell types must be
excluded from analysis to ensure an appropriate population was analyzed. Therefore, unstained
cells were run on the cytometer, and the lymphocyte population was chosen base@iod size
complexity (i.e., forward scatter and side scatter, respectively). This is gate R1, and represents a
presumably live lymphocyte population. A representative R1 gate is shown in Figure 4. Only
these cells were used for further analysis of CD magkpression. Additionally, compensation
was performed on each single-stained sample to
samples stained with multiple antibodies. The

from both control and irfcted samples to ensure a representative population of cells.
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Figure 4: A forward scatter (FSC)/side scatter (SSEplot of 2 x 1¢ unstained lung cell:

The R1 gate represents the live population of lymphoaged for further CD marker analysis. Anythir
outside the R1 gate is considered cellular debris or undesirable cell populations (i.e., epithelial cell
broken cells, etc.).

Effect of VA supplementation myeloid cellpopulations

Animals infected witls. pneumonia8T3 or ST14 were dosed with 1588 of retinyl palmitate

in 10 Irof oil one timeper day 2 days immediately before inoculation (pnd 12 and 13). Pups

were sacrificed at 4, 12, and 24 h p.i. The gating for myeloid populations is described in the

figure legends corresponding to each population (i.e., macrophage$ |, DCs, walsd myel c
[monocytes, basophils, eosinophils, neutrophils, mast cells, macrophages, and NK cells]). Figure

5 demonstrates mé infiltration to the |l ung at
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Figure5: M« popul ations at 4, 12, and 24 h p.i
Two x 1C@lung cells fromS. pneumonia€ T3 - or ST14- infected animals (ne

treated with oil or retinyl palmitate supplement, were stained with@df CD45, CD11c, CD11b, and F4/80. R1 gate
was chosen to include presumably live lymphocyte populatioidurfer gating and analysis was done within the R1

gat e.
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VA treat ment had no effect on nnjitate nfiltration
suppl ementation in neonates infected with ST3
lung at 12 h p.i. Conversely, VA supplementation in neonates infected with ST3 decreased the

m¢ mean fluorescence i nt en seisprgsentadviédchcell,imthe t he a
l ung at 24 h p. i (Figure 5). Not e, however, t
with ST3 (24 h.) were omitted from analysis in order to strictly compare the effect of VA
supplementation on cellular infiltiah during an acute pneumococcal pneumonia infection in

neonatal mice. Adults were included as a reference value. Additionally note that a difference in

m¢ infiltration at all time points was observe
significant as determined by Bonferroni’s post-hoc
in m¢ populations from 4 to 12 h p.i. with bot

observed in mé popul ations fr omilady, MFO 24 h p. i
gradually decreases from 4 to 24 h p.i.

CD11b+ populations were also analyzed in the lung of neonatal and adult mice infected
with ST3 or ST14, and supplemented with retinyl palmitate or vehicle (Figure 6). CD11b+ cells
represent granulotgs (eosinophils, basophils, mast cells, and neutrophils), monocytes,
macrophages, and NK cells. VA supplementation had no effect on CD11b cell populations or
MFI. However, there was a distinct observable trend between serotypes. Specifically, ST
3 — i atedl @nimals showed an increase in CD11b+ cell numbers and MFI from4 to 12 h p.i and
12 to 24 hours p.i. ST 14-infected animals al
and 4 to 24 h p.i. Noninfected controls and adults (8 wk) were excitaadhe statistical

analysis.



4 hr

12 hr

24 hr

CD11b™ %

CD11b* %

o il
* VA

o Qi
* WA

o Qil
* VA

50000- o o Qi
= . WA
= 40000 &2 _|'_

L
T 30000 ¢ .
o [ ]
20000 I 2
[al Q
I
\JJ\‘:\\
o Qi
_ 150000 . A
[T
E 100000+ > ®
o
& 50000- o .%
3] o
0l— .
.\zb f‘l—b «\\:h
& ' ®
&
_ 150000+ 5 o
™ * VA
= 1000004 © .
B )|
=
g 50000, et o g
0 & o)
a?@ £ G;.\h o gt*‘}' é:\&\
& & e

o

Figure 6: CD11b+ populations at 4, 12, and 24 h p.i.

Two x 1C@lung cells fromS. pneumonia& T 3 -
treated with oil or retinyl palmitate supplement, were stained with@.1 o f
gate was chosen to include presumably live lymphocyte populations. All further gatiagadysls was done within

t he

R1

gat e.

or

Single-stain,
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used as a marker for lymphocyte populations. CD11b+ populations were analyzed within the M3 gate (i.e, fror
CD45+ cells). CD45+/CD11b populations represent the DC population. Each plot represents a single animal

onein vivoexperiment + SD. Data was analyzed for significance between the treatment groups (i.e., VA or

vehicle-treated) byontfweor-rwoanyi 'AsN (oVoAs twH htohc B est .
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Moreover, CD11c+ DC populations were analyzed in the lung. Retinyl palmitate
supplementation had no effect on DC population percent or MFI at any of the time points (Figure
7) . Non-i nf e dult mick infeacied with 813 $24 @) wate omitted from the
statistical analysis in order to exclusively examine the effect of VA supplementation on DC
populations in the lung of infected pups (pnd 14). Adult female mice (8 wk) were included as a
reference alue. An observable kinetic trend in MFI was observed between the different time
points. Thatis, CD11lc+ MFI was lowest at 4 h p.i, and gradually increased at 12 and 24 h p.i for

both serotypes.
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Figure 7: DC populations at 4, 12, and 24 h p.i.

Two x 1C@lung cells fromS. pneumonia8 T3 - or ST 14 -s (neanhtesendddand8nwk m
adult females), treated with oil or retinyl palmitate supplement, were stained with 6f1CD11b,
cbllc, Gr-1, and F4/ 80. R1 gate was chosen
further gatingan analyssas done within the R1 gate. Sing
positive stained for each antibody. CD45+ staining was used as a marker for lymphocyte populatiol
Gr -1+ populations were analyzed wi.tChllp+/COHE M
populations represent the DC population. Each plot represents a single animal from three domhiae:
experiments + SD. Data was analyzed for significance between the treatment groups (i.e., VA or
vehicle-treated)wibtyht Bonrfvaryr &dAMWNIOVA post -hoc t
was considered significant.
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Finally, Grl+ granulocytes were analyzed inlifmeg of control and infected mice at 12
and 24 h p.i (Figure 8). Please note that we omitted the 4 h time point from two later
experiments, and combined the latter time points (12, 24 h) with the first experiment. Retinyl
palmitate had no effect on grdaayte number or MFI, but there was a distinct observable trend
bet ween the serotypes. That is, granulocyte p
compared to mice inoculated with ST14, but the
compared o ST3-infected mice (Figure 8A and 8B).
and observed at both 12 and 24 h p.i. Addi tio
infected with ST3 (24 h) were excluded from the statistical analysis in ordealyre the

interaction between VA supplementation and granulocyte populations in the lung.
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Effect of VA supplementation on lymphocyte populations
First, the effect of VA supplementation on B cell populations was analyzed. We first used B220
as a marker of B cells, and CD19 was used as a B cell marker in later experiments. Interestingly,
VA suppl ementation to non-infected animals dr a
compared to oil -dosed c oipgneumdnis§T3 dr 84 dddmat mal s i n
display an increase in MFI or B cell populations with retinyl palmitate supplementation at any
time points (Figure 9). However, there was an observable trend between serotypes. The percent
of B cells present in the lung increasedrd to 12 h p.i, and from 4 to 24 h p.i in animals
inoculated with ST3 and dosed with oil. Additionally, B cell percent in the lung increased from
12 to 24 h p.i in neonates inocul ated with ST3
adults (24 h) wre excluded from the statistical analysis.
Moreover, CD19 was also used as a B cell marker in later experiments (Figure 10). We
observed an inverse relationship between CD19+ populations and CD19 expression (MFI).
Specifically, animals infected witST3 had a much larger CD19+ population compared to
animals infected with ST14, but the MFI was greater in animals infected with ST14 compared to
ST3 (Figure 10A and 10B). However, the increase in MFI was not considered significant as

determined by Bonfer oni ' s post -hoc analysi s. Non-infect

excluded from the statistical analysis. Adult mice were included for a reference value.
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Figure 9: B220+ populations at 4, 12, and 24 h p.i.

Two x 1®lung cells fromS. pneumonia€ T3 - or ST 1 énals (heanfatespndd4landh8n
wk adult females), treated with oil or retinyl palmitate supplement, were stained witg 0.1o f
CD45, B220, and CD3. R1 gate was chosen to include presumably live lymphocyte populatio
further gatingan analyss,as done within the R1 gate. S
% positive stained for each antibody. CD45+ staining was used as a marker for lymphocyte
populations. Granulocyte populations were analyzed within the M3 gate (i.e, from the % CD45
cells). CD45+/B220+ populations represent the B cell population. Each plot represents a sing
animal from onén vivoexperiment £ SD. Data was analyzed for significance between the treal
groups (i .e., VA or vehiclBonfrerartcerdi)’ sbypds
(denoted by an asterisk) was considered significant.
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Figure 10: CD19+ populations at 12and 24 h p.i.

Two x 1¢lung cells fromS. pneumonia€ T 3 -
females), treated with oil or retinyl palmitate supplement, were stained witlg0.10 f
CD3. R1 gate was chosen to include presumably live lymphocyte populations. All further gating sis aaaly
Single-stain,
staining was used as a marker for lymphocyte populations. Granulocyte populations were analyzed within t
gate (i.e, from the % Cib+ cells). CD45+/CD19+ populations represent the B cell population. Each plot

represents a single animal from 2 combiiredivoexperiments +SD . Data was analyzed for significance betw

done within the

the treat ment

population and MFO at 24 h p.i.

groups
(denoted by a, b) was considered significant. A) CD19+ % of population and MFI at 12 h p.i.
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Finally, the proportion of T cells in the lung tissue was aready(Figure 11). CD3isa T

cell marker expressed on all T cell subsets, and was chosen to give a broad picture of T cell

activity during an acute pneumococcal pneumonia infection in neonatal mice. Retinyl palmitate
supplementation had no effect on Chgpplation or MFI (Figure 10A and 10B). Nonetheless,

there was a difference observed between infection with ST3 and ST14. Infecti& with

pneumoniaé&sT3 produced a larger T cell population in the lung compared to ST14 infection at

both 12 and 24 h p.iConversely, the MFI was significantly decreased during ST3 infection
compared to ST14 at both 12 and 24 h p.i (Figu
control neonates were excluded from the statistical analysis to exclusively analyze the interactio

between retinyl palmitate supplementation and T cell populations.
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Figure 11: CD3+ populations at 12 and 24 h p.i.
Two x 1C@lung cells fromS. pneumonia8 T3 - or ST14- infected ani mal s
females), treated with oil or retinyl palmitate supplement, were stained witlg0.1o f Gr -1, CD4!'!

CD3. R1 gate was chaséo include presumably live lymphocyte populations. All further gating an analysis"
done within the R1 gate. Single-stain, pool ed
CDA45+ staining was used as a marker for lymphocyte popofatGranulocyte populations were analyzed with
the M3 gate (i.e, from the % CD45+ cells). CD45+/CD3+ populations represent the T cell population. Eac
represents a single animal from onevivoexperiment + SD. Data was analyzed for signifieabetween the
treat ment groups (i.e., VA or vehicle-treated)
(denoted by a, b) was considered significant. A) CD3+ % of population and MFl at 12 h p.i. B) CD3+ % of
population and MFO at 24 hip
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In vivo neutrophil activity
Furthermore, a myeloperoxidase assay was performed to confirm the increase in neutrophil
activity observed during infection with. pneumonia8T14 At 12 h p.i., animals infected with
ST14 and treated with retinyl palmitate displayed a high increase in neutrophil activity compared
to animals infected with ST3 and supplemented with VA (Figure 12). Additionally, a kinetic
trend was observed over #m Neutrophil activity was lowest at 4 h p.i, and peaked at 12 h p.i.,
irrespective of treatment (Figure 12). Please note that adults infected with ST3 (24 h) were
excluded from the statistical analysis to strictly examine neutrophil activity in arimfedsed

with S. pneumonia8T3 and ST14.
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Figure 12: Neutrophil activity at 4, 12, and 24 h p.i.

The left lobe of the lung was homogenized in 1 ml 1x PBS, and subjected to freeze/thaw cycles (2x)
vigorous vortexing to extract the enzynm@amples were then ceifiiged at 5000 xg (6080rpm in
Beckmancentrifuge)for 30 min at 4° C, and the supernatant was collected. In a 96 well plate, sample
3-fold serially diluted in @odiasrsiisuindiprhe shhCla t
(o-di ani sidine HCL and 50 mM pot asaddeditarthepdmplesgoh a
achieve a final concentration of 0.167 mg/ ml.
serially diluted to yield a standard curve. One percent hydrogen peroxide was added to the standard
samples to initiate thengymatic reaction. After 30 s, samples were read on a plate reader at 450 nm.
Specific activity was measured as units of enzyme activity per g of protein. The second dilution was
for analysis. Each plot represents a single animal from two cominivicbe x per i ment s %
ANOVA with Bonferroni’'s post-hoc analysis wa:¢
treatment. P < 0.05 was considered significant
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Liver retinol (ROH) levels

Finally, ultra-performance | iqguid chromatograp
fed a VAM diet and supplemented with either retinyl palmitate or oil control. Liver ROH levels

were significantly increased-ce@Supplemente@Wwith i n ST3-
retinyl palmitate compared to animals supplemented with vehicle (canola oil) (Figure 13).

However, the pups did not have a vitamin A marginal status, as expected. Rather, pups

supplemented with oil contained VA adequate (VAA) livetinol concentrations, and the pups
supplemented with retinyl palmitate contained even greater VA concentrations. Thus, the next

set of experiments was designed to solely elucidate the differences in pneumococcal colonization

and cellular infiltration imeonatal mice infected with ST3 and ST14. Please note that controls

(control, control+ VA) were excluded from the statistical analysis to focus on the effect of VA

suppl ementation on |iver ROH concentrations in

shown as a reference value.
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Figure 13: Neonatal liver ROH concentration

Dams (8 wks. old) were fed a VAM diet through gestation, birth, and lactation (until pups were pnd 14). Pups we
supplemented with 1559 retinyl palmitate in 1@ oil or vehicle (10 canola oil) 1 time per day for 2 days before
inoculation with ST3r ST14 (pnd 12 and 13). Animals were sacrificed 24 h p.i. and livers were flash frozen in lic
nitrogen, and stor ed Hhngtissug ds wdaighed, hdmogenidzddPand subsequehtly extrac
in a chloroform:methanol (2:1,v/iv)solubn overni ght . Trimet hyl met hoxyp
standard, and added to portions of total lipid extracts. Samples were then dried and reconstituted in chloroform:
(1:1) solution for UPLC analysis. ApproximatelyrZ samplev ol ume was i njected onto
column, and eluted with 90: 10 methanol -water and ¢
sample was analyzed at 325 nm. Each plot represents a single animal fiomieoexperimet + SD. Data was
analyzed with one-way ANOVA with Tukey’s multiple
significant (denoted with one asterisk).
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Part 2: A comparison ofS. pneumoniaéST 3 and ST 14 infection in neonatal mice

Experimental Design
All animals were fed a standard chow diet throughout the duration of the experiments. The

experimental desigis illustrated in Figure 14.

» A

= infeciious dose administered on 5T 3 infections dose = 1 x 10°
pnd 14

x = Sacrifice pi

Model = male and female offspring
of Balb/c mice

Figure 14: Experimental design for ST3 vs. ST14 comparison studies (experiment 1)

ST 14 infectious dose = 1 x 10°
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Lung and blood bacterial load during acute phase pneumococcal pneumonia

After inoculation, mice were sacrificed at 48 h p.i and a small portion of the right lobe of the lung
was homogenized i n an equm@lin).oBrieflynthelangbount of
homogenates were serially diluted, and grown on agar plateso@i®drmine lung bacterial

loads. Only one mouse infected with ST14 produced colonies on the plates (data not shown).
Otherwise, the plates were void of bacterial colonies. Additionallyj d@®whole blood was

plated on blood agar plates and grown ONb animals displayed signs of bacteremia (data not

shown).

FIl ow cytometryimyeloid cell popul ations

Animals were inoculated with 130° CFUs ofS. pneumonia€T3 or ST14 on pnd 14. Animals

were sacrificed 48 h p.i and analyzed for changes in greyteland macrophage cell

populations. Pupsfected with ST3 or ST14 showed no significant difference in granulocyte
popul ation relative to control, or between t
populations were significantly increased in cohheonates compared to neonates infected with

ST3 or ST14 (Figure 15B).

FIl ow cytometryi1 NK cell popul ations

Animals were inoculated with 1 x 3GFUs ofS. pneumonia€T3 or ST14 on pnd 14, and
sacrificed at 48 h p.i. to analyze changes in NK and NKlMpogulations in the lung. The
percentage of NK or NK T cells did not significant increase relative to control, or between the

serotypes (Figure 16A and 16B, respectively).
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Figure 15: Myeloid cell populations at 48 h p.i.
Two x 1C@lung cells fromS. pneumonia8 T3 - or ST14- infected ani mal s

0lmg of Gr -1,

populations. Each plot represents a single animal froninovigo experiment + SD. Data was analyzed for

significance
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Figure 16: NK cell populations at 48 h p.i.
Two x 1®lung cells fromS. pneumonia@ T3 - or ST14- infected ani

stained with 0.y of CD27, CD11b, CD49b, and CD3. R1 gate was chosen to include presumabl
lymphocyte populations. Each plot repeats a single animal from oimevivoexperiment = SD. Data
was analyzed for significance between the s
A) Within the CD11K"gate, CD49b+/CD27+ populations represent the NK cell population. BeOf t
% of cells CD49b+/CD27+, cells that were CD3 dim represent the NK T cell population.
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Since CFUs were not present in the lung or blood ohates infected with 1 x $CFUs of
S. pneumonia8T3 or ST14, we decided to increase the inoculating dose of both serotypes.

Figure 17 (below) displays the experimental design.

#* X

48 h

= infecrions dose administered on 5T 3 infectious dose = 5 x 10¢
pod 14

X = Bacrifice pi

Muodel = male and female offspring
of Balb/c mice

5T 14 infectious dose = 1 x 107 0OR
Sx10f

Figure 17: ST3 vs. ST14 experimental design (experiment 2)



60

Lung and blood bacterial load during acute phase pneumococcal pneumonia

Animals were infected with 5 x $CFUsS. pneumonia8T3 or 1 x 10or 5 x 13 CFUsS.
pneumonia&sT14. Animals were euthanized at 24 h p.i to determine lung and blood bacterial
load. No animals showed signs of bacteremia, as determined by wholeCfl0aahalysis (data
not shown). However, pups infected with 5 X €&Us of ST3 had significantly greater bacterial
loads in the lung compared to animals inoculated with 5*CEQs ST14 (Figure 18).
Interestingly, pups infected with the higher dos&®o1.4 did not contain higher bacterial counts

in the lung (Figure 18).
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Figure 18: Bacterial recovery from the lung during the acute phase of pneumococcal pneumonia infectior

Neonates (pnd 14) were infected with 5 £ @BUsS. pneumoniaBT3, 1 x 10or 5 x 1¢ CFUsS. pneumoniae
ST14. Animals were euthized at 48 h. p.i., and the lungs were collected. Lung homogenates were seric
diluted and plated overnight to determine bacterial load. Log CFU values £SD are shown. Each plot rej
one animal from one vivoexperiment. An asterisk is usexldenote statistical significance as determined k
one-way ANOVA with Tukey’' s post-hoc test. P <
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FIl ow cytometryimyeloid cell popul ations

Lung cells were analyzed by flow cytometry to analyze changes in myeloid cell populations with

ST3 or ST14 pneumococcal pneumonia infectiBops infected with 1 x ICFUsS.

pneumoniaé&ST14 displayed highly significant increases in granulocyte populations compared to

control (Figure 19A). In fact, animals inoculated with 1 X@BUs ST14 displayed the highest

granulocyte populations comeal to pups infected with 5 x 4GFUs ST3 or ST4 (Figure 19A).
However, there were no significant di fferences

groups relative to control (Figure 19B).
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Figure 19: Myeloid cell populations & 48 h p.i.
Two x 1®lung cells fromS. pneumonia@ T3 - or ST14- infected ani

stained with 0.y o f1, GPA1b, F4/80, and CD11c. R1 gate was chosen to include presumal
live lymphocyte populations. Each plot represents a single animal from wive experiment: SD.
Data was analyzed for significance between
test. P < 0.05 (denoted by a, b) was consi
the granulocyte population. B) Within the CD11b+Gr+ gat e, t he %"of «ce
represents the macrophage population.
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FIl ow cytometryl NK cell popul ations
Lung cells were stained with tla@propriate antibodiesnd analyzed for CD marker expression
on a flow cytometer. The percentage of NK cells did not differ based on ST inoculation or
amount of i nfectious dose, as determine by a o
(Figure 20A). However, the percegeof NK T cells was significantly increased in animals
infected with 5 x 10CFUs of ST3 relative to control (Figure 20B). The percentage of NK T cells
was also higher in pups inoculated with 5 £ @BUs ST3 compared to those infected with 1 x
10’ CFUsST14. Please note, however, that the NK population makes up a very small percentage

of lung leukocytes (Figures 20A and 20B).
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Figure 20: NK cell populations at 48 h p.i.
Two x 1Clung cells fromS. pneumonia8 T3 - or ST14- i nf ect e derestainetha

with 0.1nyg of CD27, CD11b, CD49b, and CD3. R1 gate was chosen to include presumably live lympt
populations. Each plot represents a single animal fromnovigo experiment + SD. Data was analyzed for
significance between the serotyiiey o ne-way ANOVA with Tukey’' s p
considered significant (denoted with an asterisk). A) Within the CBfylbe, CD49b+/CD27+ populations
represent the NK cell population. B) Of the % of cells CD49b+/CD27+, cells that werdi@D8present

the NK T cell population.
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Chapter 5

Discussion

RA controls a variety of complex immune functions, such as CD4+ T cell differentiaiibn a
function, leukocyte trafficking in the gut, and iTreg cell differentiation and function, all of which
are crucial for normal immune homeostasis and protection from foreign invaders. However, RA
cannot perform these functions if the VA status of the isosompomised. Thus, VA
supplementation has been instituted in various developing countries to bolster the immune status
and overall well -being of children and adults.
currently supplemented with VA, but the efficadyo VA suppl ement ation in n
months of age) has not been explored (42). Neonates are born with naturally low VA levels, and
are highly susceptible to infectious pathogens, su@traptococcus pneumonia&hus, we
sought to determine thefficacy of VA supplementation in neonatal mice before an &ute
pneumonia@ipper respiratory tract infection.

In the first set of experiments, neonatal mice (pnd 12 and 13) were supplemented with
1550ny of retinyl palmitate in 1@ of oil one timeper day for 2 days before a bolus inoculating
dose ofS. pneumonia8T 3 or ST14 on pnd 14. We hypothesized that this bolus dose
suppl ementation would increase the percentage
attenuate the pathogenesis of an apanumococcal pneumonia infection. Animals were
sacrificed at 4, 12, and 24 h p.i., and lungs were used to determine infiltrating immune cell
populations and bacterial loads present at the site of infection. We found that VA
supplementation had no effean pathogen clearance from the lung or blood of infected mice.
Additionally, VA generally did not have an effect on the immune cell populations in the lung.

However, there was a significantincrease m¢ popul ati ons in the lung
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ahighdose(1xICFUs) of ST3 at 4 h p.i. Conversely,

animals infected with ST3 and supplemented with VA 12 h p.i.

Moreover, the common myeloid progenitor celllwlifferentiate into mature neutrophils
in the presence of polarizing cytokines and RA, but an increase in granulocyte population or MFI
with VA supplementation was not observed (43). However, a distinct trend between serotypes
was observed. Generalpnimals infected with ST14 had lower granulocyte populations
compared to ST3-infected ani mal s, but the MFI
animals inocul ated with ST3. DC popul ations w
ST14-i micee Surpigingly, VA had no effect on DC populations or MFI relative to
animals supplemented with vehicle.

Later studies went on to characterize B and T lymphocytes in the lung. In the first
experiment, B220 was used as the B cell marker. B220esudy marker of B cells, but this
marker is also present on other cell types (knownasCEpMbRs i t i ve cel |l s—a mar ke
lymphocyte development). Thus, CD19 was used in later experiments to characterize the B cell
population. CD19is foundonthesudac of doubl e-positive, single-rg
cells, and is a more accurate marker. RA is known to promote the antibody response, but we did
not see increased B cell populations or enhanced pneumococcal clearance in infected animals that
were supplmented with retinyl palmitate. However, there was a highly significant increase in B
cell MFI (with B220 as a marker) in the control samples, but the infected animals did not display
the same increase. Additionally, wisserved an inverse relationshipveeen CD19+
populations and CD19 expression (MFI). Specifically, animals infected with ST3 had a much
larger CD19+ population compared to animals infected with ST14, but the MFI was greater in
animals infected with ST 14 compared to ST 3. However, tirease in MFI was not

considered significant as determined by Bonfer
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I nitial studies only | ooked at the acute-ph
time points in order to better characterize the adaptive immune resporesgeriment 3,
animals were dosed and inoculated as in previous experimenigeendoing to be sacrificed at
48 and 72 h p.i. However, the mortality was extremely high in all treatment groups, and the
majority of animals were dead by 24 h p.i. Taeise of this high mortality was unknown.
Additionally, the majority of tissue samples could not be harvested and analyzed. With the few
samples we could obtain, we did see a modest increase in NK T cell activity with VA
supplementation (data not showrBurthermore, samples stained with myeloid and lymphocyte
cocktails were combined with data from the first 2 experiments.

Finally, the population of T lymphocytes was analyzed in the lung. Retinyl palmitate
supplementation had no effect on the peragmta T cells in the lung or MFI, but a trend was
observed between serotypes. Infection Bitlpneumonia8T3 increased the T cell population in
the lung, but the MFI was slightly lower than those animals infected with ST14.

A myeloperoxidase assay svased to confirm the increased levels of neutrophil activity
observed in the animals infected with ST14. Indeed, there was a highly significant increase in
neutrophil activity at 12 h p.i in mice inoculated with ST14. Neutrophils are one of the first
responders to the site of infection, and this may explain why ST14 infections are considerably
less fatal than an infection with ST 3.

Liver ROH levels were assessed in the infected and control neonates, and it was
discovered that their VA status was adlyadequate, rather than marginal as we suspected. This
may explain why VA supplementation had no effect on pneumococcal pathogenesis or leukocyte
populations in the lung. Although the questions addressed in the previous experiments were
highly significant, failure to make the pups VAM compromised the integrity of the experiments.
Therefore, for the next set of experiments we decided to focus on ST3 and ST14 pathogenesis in

neonates without analyzing the effect of diet or retinyl palmitate supplemantat
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In all the previous experiments, animals were inoculated with a bolus dose of the
infectious agent, but we wanted to see what effect a low dose (i.e.,*) wdild have on
pneumococcal colonization and clearance. Therefore, animals werednféttiea low dose of
ST3 or S14 and sacrificed at 48 h p.i. To our surprise, only one pup had any colonies in the lung
after overnight growth. We hypothesize that there must be a form of quorum sensing between the
bacteria before they can take up resaeim a host and cause disease. Moreover, granulocyte
and NK/NK T cell populations in the lung were not significantly different relative to control.

Thus, we increased the infectious dose in the final experiment. However, the control
mice had abnormigd high granulocyte populations relative to control mice from other
experiments. In previous experiments we sacrificed the control animals before inoculating the
rest of the cage, but we felt we could sacrifice both control and infected mice togete&. sinc
pneumoniads not an airborne pathogen. However, the environment the control mice were
housed in must have influenced the immune populations in the lung, altering the statistical
analysis for the experiment. Despite the abnormal controls, the tsghofl ST14 caused a large
granulocyte infiltration to the lung compared to the low dose of ST14 and ST3 infection.
Additionally, animals infected with ST3 displayed an increase in NK T cells relative to control
and animals infected with a high dose ofl8T

Based on these experiments, we can conclude that infection with ST14 causes a massive
granulocyte infiltration to the lung, resulting in faster pathogen clearance in the host. However, it
is not appropriate to conclude that VA has no effect on pneocsal colonization and
pathogenesis because the pups did not obtain the initial VA marginal status we had aimed for.
Thus, future studies should focus on a better model of pneumococcal pneumonia in neonates. We
will begin to use rats for these infectistudies because they are easier to make VAM or VAD.

We can then focus on elucidating the interaction between an acute pneumococcal pneumonia

infection and VA supplementation in neonates. Additionally, pneumolysin concentration will be



67
assessedintheiug vi a RT-PCR. Mi ce infected with ST14

compared to animals infected with ST3. That i
appears more inflamed than lungs in animals infected with ST3. Thus, immunohistochemical
analysis and pneumolysin concentration will be performed to analyze the presence of
proinflammatory mediators and pneumolysin present in the lung, respectively.

In summary, the experiments presented in this thesis help to elucidate the pathogenic
differences between an invasive and noninvasive 3. pheumonigend also suggest some

changes to the murine pneumococcal pneumonia model for the future.
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Appendix A

Summary of in vivo Treatment Groups

Note extremely high mortality with experiment 3 (supplementation studies). Only body
weight data could be obtained with this experiment. Flow data and CFUs are not included in
results section.

VA supplementation studies
Infectious dose = 1 x 10

Time points (h) Exp 1 Exp 2 Exp 3
4 X
12 X X
24 X X X
48 X
72 X
VA X X X
suppplementation

ST 3 vs. ST 14 comparison studies
Infectious dose = 1 x £Qexp 1)
ST 3 infectious dose = 5 x 4@&xp 2)
ST 14 infectious dose = 1 x 1@xp 2)
48 X X




Appendix B

Flow Cytometry Antibody Details
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Antib ody Known as Conjugate Provider
fluorochrome
) BD Biosciences
anti —-Gr FITC San Jose, CA
CD45
. Protein tyrosine Southern Biotechnology
anti =B22 ,sphatase, recepts PE Birmingham, AL
type C
Protein tyrosine eBioscience
ant i — CD4| phosphatase, receptq PeCy7 San Diego, CA
type C
EGF-11i k
_ modul e-co eBioscience
anti=Fall nucin-1iki APC San Diego, CA
receptor
_ _ BD Biosciences
anti -CD1 Integrin alpha M PE San Jose, CA
_ BD Biosciences
anti -CD3 T cell co Alexa647 San Jose, CA
Integrin alpha X
. (complement BD Biosciences
anti-CD1 component 3 recepto FiTc San Jose, CA
4 subunit)
Integrin alpha eBioscience
anti-CD4| subunit-o APC San Diego, CA
a2bl duplex %
. Member of the TNF eBiosciene
anti -CD2 receptor family PECy? San Diego, CA
— B-l ympho eBioscience,
anti -CD1l  idenCD19 PE San Diego, CA
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