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Abstract

Retinoic acid RA) a n dGaldctosylceramideglalCe) have been shown to have
diverse stimulating effects on the immune system. They have both been shown to
promote T2 differentiation, increase antibody responses, as well as alter cytokine
production from various immunelte In addition, both compounds have been shown to
affect B cell differentiation either directly (RA) or indirectly through iNKT cell activation
(Gal Cer) . The current study-Gal@escoddesi gned
regulate immunity by targeeig costimulatory and accessory molecules on the surface of
the B cell. The hypot h-&alCeswilloegulate mmanitt hesi s
by increasing expression of accessory and costimulatory molecule expression on the
surface of B cells.

Splenic B cells were cultur@lCervandt h var.
antte treatments in order to stimulate napve
differentiation and activation markers, mainly costimulatory molecules and isotype
switched immuoglobulin, were analyzed by flow cytometry analysis at different time
points after treatment addition.

Furthermore, CD18 mice were used to determine whether the enhancing effects
o f -GdlICer, seen in vitro for B cell surface marker expression angarfor the ant
tetanus antibody response, were dependent on CDietefoe, experiments compared
WT and CD1d responses to the aforementioned in vitro treatments as well as in an in
vivo tetanus toxoid (TT) -Gal@enuetmertat i on st ud

The in vitro treatment results suggest that RAGalCer may prime B cells for

enhanced immune response to antigen stimulation through increases in CD19hi and



IgDhi populations as well as almost a 4 fold increase in CD86 expression. It was also
shown that NKT cells do not significantly contribute to the a@tanus antibody response
in vivo. I n additi on, g-@alCereffactioderhancel was p

lgG response to TT immunization is dependent on CD1d expression.
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List of Abbreviations
9-cis-RA = 9-cis-retinoic acid
UGalCer= -dadlactosylcerami
APC = antigen presenting cell
atRA =all-trans-retinoic acid
BCR = B cell receptor
b-Ga | C e-galactosyfteramide
IL = interleukin
INKT = invariant natural killer T cell
KO = knockout
MAPK = mitogenactivated protein kinase
MFI = mean fluorescence intensity
MHC = major histocompatability complex
NK = natural killer
NKT = natural killer T
PI3K = phosphatidylinositol-Binase
RA = retinoct acid
RAR = retinoic acid receptor
RE = retinyl esters
RXR = retinoid X receptor
TCR =T cell receptor
TD =T cell dependent

Th =T helper



T =T cell independent

TT = tetanus toxoid
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Chapter 1
Background
To better understand the rationale for conducting this study and the explanations
that are given for its results, | will first introduce vitamin A, &l differentiation and
costimulation, the effect-GaerdRheiommund8 cel | s

system in order to establish the background for this thesis.

Introduction to Vitamin A
Vitamin A is a lipophilic, fatsoluble, micronutrient thas essential for all
vertebrate specidg, 2) Vitamin A has important functions for optimal vision,
reproduction, epithelial integrit§8), embonic development, cell and tissue

differentiation, gene expression, and also immune fun¢tipf)

Basic Metabolism

Vitamin A can be incorporated into a diet as preformed vitamin A amdtamin
A. Preformed vitamin A compounds include retinyl esters (RE) and retinol which can be
found in various animal products such as milk and eggs. Provitamin A compounds such
as-c by pt ox a rardtenenaredonnd in lmany green, yellow, oraagd,purple
fruits and vegetables. These provitamin A compounds are often less efficient sources of
vitamin A because they are often bound in biomatrices which inhibit their absorption.
Once these compounds are ingested, pancreatic lipase and phosplBlgmvert RE to
retinol in the intestinal lume(®, 4) Mixed micelles containing retinol are then absorbed

into the enterocytes by facilitated diffusion at an efficiency of less than(Zp%



Once inside the enterocyte, retinol bound to cellular retinol binding protein Il
(CRBP 1) is esterified by lecithin: retinol acyltransferase (LRAT) or free retinol is
esterified by acyl CoA: retinol acyltransfees@RAT) and the resulting RE are
incorporated into chylomicrons along with triglycerides, phospholipids, and fatty acids
(4). The chylomicrons then enter the circulation through the lymph@ficd.iver
parenchymal cells take up most of the chylomicrons and convert the RE to retinol which
binds to retinol, some of which binds to retinol binding protein (RBR) At this stage,
retinol an meet one of two fates. Either it is transferred to stellate cells and stored as
RE, or it is bound to RBP and secreted by the liveentering circulation for uptake by
extrahepatic tissues. The liver is the major site of vitamin A storage in diyeababout
50-90% of the total vitamin A in the body is present in liver stellate ¢&llg)

Extrahepatic tissue uptake of vitamin A generally occurs through retinol uptake
by RBRreceptorsuch as Stra@l) or through chylomicron remnant uptake of RE
through the binding and internalization activities of the-temsity lipoprotein (LDL)
receptor.Bone marrow(1, 4), lactating mammary gland), and spleei) and can take
up chylomicon vitamin A. Once the preformed vitamin A has entered the cell some of it
is converted to retinoic acid (RA) by one of several retinal dehydrogenases. Retinoic
acid is the principal biologically active metabolite of vitamin A, except in vision.

Plasma etinol levels are strictly maintained within3l ¢ M r egar dl es s
dietary intakg1, 5). On the other hand RE concentrations in circulating chylomicron
remnants depend greatly on recemtaly intakg5). Retinoic acid travels to
extrahepatic tissues attached to albu(irg)and its concentration in blood is generally

between 5L0 nM (6).

of



Acidic Retinoids and their Receptors

11-cis-retinoids and the acidic retinoidsc®-retinoic acid (9cis-RA) and alt
transretinoic acid (atRA), represent the two major classes of biologically active retinoids
(7), though, excluding vision, atRA is responsible for most of the biological functions of
vitamin A including cell differentiation and gene expresgibn atRA is a 300 Da,
lipophilic signaling molecule which can rapidly diffuse across hydrophobic membranes
(2, 8) This rapid diffusion across membranes is an important characteristic in its
signaling ability sice its receptor, the retinoic acid receptor (RAR), resides within the
nucleus of target cells.

RAR and retinoid X receptor (RXR) are type Il nuclear steroid hormone receptors
which act as transcription factors to regulate gene transcription in targefftelis are
three subtypes of each nuclear receptor:
and RXR2, though expression of each subtyp
each subtype has at least two isoforms created through alternative splichranises or
the use of differential promote8). RAR and RXR form heterodimers which bind to a
retinoic acid response element (RARE) or retinoid X response element (RXRE) most
often | ocat ed i anotrdtimoid Eegulatedeggngd. Alt-tamsy r e g i
retinoic acid and €is-RA are both ligands which bind to and activate RARs, although
atRA is the most potent ligand. Onlyc&-RA is known to bind RXR$9). In the
absence of ligand, the RAR/RXR complex is bound to DNA withepwessors which
prevent gene transcription. Ligand binding to RAR/RXR, induces conformational
changes which release-oepressors and create surfaces &sactivators to bind, leading

to specific gene activation, gene repression, or release of gene repf2sSjon



Although the RAR is classically thought to reside within the nucleus of cells,
there is evidence that RAR can in fact be found elsewhere in th@cél, 11) One
such study found that the increased activation of phosphatidylinogitnb3e (PI3K)
andextracellular signategulated kinase 1/2 (ERK1/2), by RA was not due to increased
gene transcription or protein production, but rather, was due to association of ligand
bound RAR in association with PI3K at the cell membr@:a.

Over 500 genes have already been shown to be regulated by RA either directly or
indirectly, including signaling molecules ERK2 and protein kinase C (RKZ)) RXR
can also form dimers with other stetdiormone receptors such as the vitamin D receptor
(VDR), thyroid hormone receptor (TR), peroxisome proliferaictivated receptor
(PPAR), and other@l), increasing the number of genes that are under the direct o
indirect regulation of acidic retinoids. The ability of RA to influence mRNA stability is

another example of indirect effects of RA on gene expregsin

Vitamin A and the Global Deficiency Problem

The large ange of vitamin A functions in the body make vitamin A deficiency a
serious health concern. In the clinic, vitamin A deficiency presents itself as one or a
combination of xeropthalmia, anemia, and/or a weakened immune syisgm@and is
often diagnosed by measurements of(13l ow ser
14). Vitamin A deficiency is a global health problem which can increase rates of
childhood morthty (15) and which is one of the most preventable causes of childhood
blindness, especially in developing natigh8). From a 1992005 report the World

Health Organization reports thatamin A deficiency is a moderate or severe public



health problem affecting 1P0% of preschool age children in each of 122 counttig}
In Africa alone, some 44% of preschool age children, or 56.4 million children, are
vitamin A deficient as diagnosed by low serum ret{ig)).

While severe or recurrent infections often contribute to vitamin A defici€cy
16), the leadingause is inadequate intakes of vitami(l&). The recommended dietary
intake (RDA) forhman adult males is 900 e€g of retin
females, and somewhat lower for childf@h However, because vitamin A is stored in
fat deposits in the liver, the simple act of supplementatioroftan have important and
long-term benefitg15).

Several reports have shown that supplementation to vitamin A deficient infants
can reduce mortality rates by 23%, measles fatality rates by more thafl 5)%nd
diarrheal disease mortality by 23%4). Therefore, in an effort to increase vitamin A
intakes, supplementation and fortification programs are currently being implemented
arownd the world where vitamin A deficiency still remains a public health profil&n
High dose vitamin A supplements (200,000 IU) which are supported and recommended
by the World Health Organization (WHO) and United Nationsler nat i on al Chi I
Fund (UNICEF), are given during immunization programs to lactating mothers and
infants in an attempt to reach the most children amoniglapopulationg15).

While administration of supplemenat the time of immunization is a convenient
way to provide two healtbromoting agents during one clinic visit, there may be
additional benefits to the administration of vitamin A with vaccines related to vaccine
response. One study showed that vitafsupplementation to normal levels resulted in

higher tetanuspecific IgG than vitamin A deficient childr¢h7). In another study,



vitamin A supplementation gpoNodetanus/i t h t he p
Haemophilus influenzadh epat i ti s BoO vaccine slightly en
hepatitis B, however there was no effecttaemophilus influenzenmune response

(18). Although a third study showed that supplemeoaat the time of tetanus

immunization had no effect on antibody levels in infd&®), they failed to look at the

memory response and only looked at antibody response in circulating bld@ieeks

after the thid booster, by which time the peak in secondary antibody response would

have already pass€®0). Overall there seems to be some controversy on the benefits of
vitamin A on enhanced immune response to vaccinatiseems that the age of the

children, their vitamin A status prior to vaccination, the number of supplement doses

given, as well as when the antibody response is measured all seem to play a role in the

observed effects of vitamin A supplementation dyraccination.

Vitamin A and Immune Fauction

Originally discovered-iinfiecheée vear vy t A0 &
has since been shown to regulate many functions of the immune response, both in terms
of innate and adaptive immunif$). Most of the effects of vitamin A on the immune
system are regulated by the effects of RA on gene expression and cytokine production.
RA has been shown to be necessary for normal functioning of many innate immune
responses through the use of vitamin A deficient animal models. Among other effects,
vitamin A deficiency has been shown to impair neutrophil, natural killer (NK) cell, and
macrophage function, alter macrophage cytokine production, and decrease NK cell

nunmber(21). In terms of adaptive immune response, RA has many effects on both T and



B cells and their subsequent functions following activation. Although high
concentrations of RA may have antiproliferative effect3 aells, lower concentrations
may enhance T cell activatig@2). Furthermore, vitamin A status can alter the balance
of Th1/Th2 immune responsé3 23, 24) B cells represent another branch of the
adaptive immune system that is significantly regulated by RA as discussed further in the
next section.

In accordance with the general role of vitamin A to promote cell differentjatio
RA promotes the differentiation of many immune cells including neutrophils,
macrophages, and B ce(l3, 25) Vitamin A has also been shown to be necessary for
optimal antibody responses toth protein and T cell independent (TI) type Il antigens
(21, 26) As mentioned above, vitamin A effects on antibody production may be another
important reason why supplementation at the time afumization may have important

health benefits.

Introduction to B cells
Antigen-specific antibody produced by B cells is the effector molecule of the
humoral branch of the adaptive immune response. For essentially all licensed vaccines,
the antibody regmse is critical for their protective effects. Because RA has been shown
to affect both B cell differentiation and antibody responses, it is important to understand

B cell development, activation, and antigen presentation.



Development and Activation & cells

Following birth, B cell generation from pluripotent hematopoietic stem cells takes
place in the bone marrow of long bor{28, 26, 27) After a series of speatfi
checkpoints in its development, each naive B cell is released from the bone marrow. At
this point the B cell is antigenically committed through its antigecific BCR (surface
bound immunoglobulin) although it has not yet encountered an&§n The
importance of an antigespecific BCR is due to the fact that B cells are a type of
professional antigen presenting cell (APC). As part of its antigen presenting capacity, the
B cell can efficiently bind to, iernalize, and process antigen for presentation to other
immune cells as well as secrete cytokines to aid in T cell activ@n

Upon BCR recognition of and binding to free or membsiaoend antigen, the
anigen is internalized through recepimediated endocytosis. Some processed antigen
may then be bound to MHC class Il molecules, and the whole complex is transported to
the B cell surface, where it may be presented to T cells. These B cells will thratemig
to a local secondary lymphoid organ such as the spleen or a lymph node which can
provide the microenvironment necessary for germinal center formation and amplification
of the immune respong20, 26, 28)

Within the stromal cell network of the secondary lymphoid orgahaBtigen
stimulated B cells will enter a primary follicle which, over the next 3 days, will develop
into a germinal center with clearly definedhitgand dark zone@8). The dark zones of
the germinal center are comprised of rapidly proliferating B cells while the light zones
contain antigerexpressing follicular dendritic cells and CDR, cells which togetar

provide the positive and negative selection signals for the newly forming B2&|129)



Several processes occur within the germinal center to ensure that the antibody
responses of the neyormed B cells are targeted only to foreign antigen and have high
affinity for their antigen. Through clonal selection only B cells which have encountered
antigen are selected for proliferati(®v). Another procss that occurs within the
germinal center microenvironment is clasgitch recombination. During the
development of B cells IgM is the first class of immunoglobulin to be expressed on the
surface, followed shortly thereafter by I§P7). The other isotypes (IgG, IgA, and IgE)
are generated through recombination of C region immunoglobulin genes after stimulation
with antigen and other cells of the germinal center environ(3&)t Somatic
hypermutation is a process that occurs during the centroblast stage of B cell maturation in
the germinal center and results in singése nucleotide mutations in the
complementarity determining region (CDR) of the variable region of immunolghob
genegq?27, 28) This process, along with positive and negative selection signals
(discussed below) from the antiglraded follicular dendritic cells and, Tells ensures
that the B cellsxating the germinal center will produce high affinity antibodies against
the antigen that first stimulated the immune resp¢28g28, 31)

Part of the selection prosgthat occurs in germinal centers is based on survival
signals that the B cells receive. It is proposed that proliferating B cells within the
germinal center express low levels of Bgprotein(31) (an antiapgototic protein) but
high levels of Fas/CD9&7) (a deathinducing ligand and receptor). Therefore these
proliferating B cells seem predisposed to death unless they are rescued by strong survival
signals such as theslelivered by antigen binding of, @ell costimulation(27, 29)

Furthermore, due to the large number of B cells in the germinal center, it is suggested that



competition exists between B celts fantigen binding and T cathediated costimulation
(27, 28)(discussed below). In this way, low affinity and autoreactive B cells will fail to
receive the necessary survival signals and wthiee undergo apoptosis or will undergo
another round of mutations through receptor editing in an attempt to adopt a higher
affinity BCR (28).

B cells exiting the germinal center are classified as either plasmaxcaismory
cells. Plasma cells are normally short lived cells which secrete large quantities of
antigenspecific antibodies, though a small population of iiagd plasma cells will
survive and reside in the bone marr(®8). The antibodies produced by plasma cells
serve as the effector molecules of the humoral immune response through their activation
of complement, neutralization of toxins and pathogen particles, and opsonization of
antigen for phagocytos{0). Antibody production after initial encounter with an
antigen is termed the primary response, while a subsequent encounter with the same
antigen will trigger memory B and T cells leading, to a more rapid and enhanced
secondary antibody respon@®). While antibodysecreting plasma cells are generally
considered effector cells, new studies suggest that at least a subset of plasma B cells can
also act as efficient antigen penting cells shown by their expression of antigen
processing machinery including MHC class Il as well as their ability to actiyate!l$
in vivo (Mcheyzer Wliams, unpublished data).

Memory B cells are longjved cells which already express higHinity, class
switched immunoglobulin and therefore have the ability to respond quickly to a second
encounter with specific antig€@6, 28, 30) When they encounter their aggn they

quickly proliferate and differentiate into antibedgcreting plasma cells while

10



replenishing the memory B cell pd@6, 27) The rapid kinetics of their response is due

to several otheflactors besides their higgfinity classswitched immunoglobulin. First
there are greater numbers of memory B cells that can respond to a given antigen than
naive B cells that can respond to a given ant(§6h Second, their residence in

secondary lymphoid organs is generally at sites of antigen drainage where they have an
increased chance of encountering antig@). Third, memory B cells express CD80 and
CD86 constitutely (30). Fourth, memory B cells express high levels ofBpkotein

which may allow them to survive longer in vi¢®0). Finally, the cytoplasmic domain of
classswitchad immunoglobulin may be able to induce heightened signaling compared to
IgD (30) which is present on naive B cells but no longer present on memory B2aells

30).

Costimulation Events

In order to safeguard against mounting immune responses-ensigén, ce
stimulation events from T ceB cell interactions are often necessary to deliver a second
signal for complete activation of both cell types. Trhportance of T cell help for
germinal center B cells is evidenced by the observation that B cells that fail to encounter
T cell help (for a T cell dependent antigen) will undergo apop(@3is

Although the classal model of T celdependent B cell activation is based on a
two-signal model involving antigen binding to the BCR as well as costimulatory events,
ot her fAsignal s0 have been shown to either
cell activationstimulated by some other meg82). Cytokines secreted by activategd T

cells, as well as Tolike receptor ligands have important roles in B cell activati®).

11



In addition, tle effects of RA on differentiation and immune response potentiation may
suggest that RA, when present in sufficient concentrations, can permanently alter
i mmune cell fate simila@2).to the other i mpo

The first classical signal for activation of B cells is produced by antgsing
and crosdinking of the BCRs. This crodsking leads to receptemediated endocytosis
of the bound antigen and signal transduction from the BCR, regulated in part by co
receptor molecules such as the CD19/CD21 com@éx As mentioned above, B cells
then process and express some antigen in association with MHC class 1l on their cell
surface. In addition, the BCR stimulation Iedd the upregulation of B cell
costimulatory molecules CD80 and C[¥88) which are normally expressed in low
amounts on naive B celf84). Although the first signal of antigerecognition can
increase B cell survival signals, some studies suggest that this effect is short lived unless
the B cells encounter further T cell h¢g1).

The changes induced on B cells after receivinditeesignal for activation make
B cells capable of then interacting with CD#B, cells. This interaction occurs through
binding ofantiged oaded MHC cl ass |11 on -sphcdicTB cel |
cell receptor (TCR) (LT cell activation sigal) as well as binding CD80 and or 86 with
t he T c e |"Taéel actviansign@li@s). Once the T cell has received both
signals, it proliferates, increases cytokine secretion, and upregulates CD48&sexpr
(35). CD40L then interacts with CD40 on B cells to deliver the second signal for B cell
activation(20). B cells then proliferate and wpgulate receptors such lhs4 receptor

which can bind IE4 secreted by activated T ce{)).
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The signaling pathways induced by BCR, CD86, and CD40 stimulation are
complex and each one generally involves several different signalinradesscThe
proposed signaling pathways are based on studies that measure phosphorylation events
after receptor stimulation. BCR crelasking through antigM (antre ) ant i bodi es
been shown to activate phospholipase C (PLC) and miag@vated prote kinase
(MAPK), increase cytoplasmic &devels, and induce transcription ofasand emyc
(36). Although other cell systems suggest that MAPK activation can be achieved through
two different signaling pathways, Ra or MAPK/ERK kinase (MEK)36). Tordai et.
al. showed that Ré&f kinase is responsible for the signaling events downstream of IgM
that lead to p42 MAPK activatiof36). Their propsed mechanism was through Src
kinases such as Fyn, Lyn, and Lck leading to Ras/Raf activation which led to MEK and
MAPK activation(36).

Stimulation of CD86 is also proposed to activate different intracellular signaling
pathways within B cells. Kin et al. suggests that CD28 stimulation of CD86 leads to two
separate signaling pat hways -atBh)a ta cctoinvaetrigoen
p50 and p65 nuclear localizati¢dd). Onepathway involves PI3K/Akt signaling while
the other i nvol ve s(34p Ba@pathways Bdhfincreasedta | i n g
MRNA and protein expression as well as IgG1 mRNA and protein 84ls

CD40 is present and can actively signal throughout most of the life of a B cell
(37), but its cytoplasmic tatontains neither tyrosine residues nor intrinsic kinase
activity (38). While most signaling downstream is mediated by tumor necrosis factor
receptor associated factor (TRAF) binding to the cytoplasmic domain of CD40, there are

also reports of TRAfNdpendent signal transduction as well as Janus kinase
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3(JAK?J)/signal transducer and activator of transcription 5 (STAMNBYiated signaling
(29). CDA40 ligation is thought to initiate CD40 clustering at the cell surface and TRAF
recruitment leadingtoNB B, MAP K, P patkway aativation Bolwnstream of

CD40(29, 39)

Costimulatory Molecules

Both CD80/86 and CD40 costimulatory molecules have been shown to impact
antibody production, germinal center formatiand classwitching. In addition, one
study showed that both CD80/86 deficient and CD40 deficient mice failed to generate
both primary and secondary IgG1 responses to immunizations with a TD gdfigen
While some similarities have been shown between CD86 and CD40, they also have

unique roleg40) as described below.

The Role of CD8/86

The B-7 molecules CD80 (B.1) and CD86 (E/.2) have both unique and
overlapping rolesn immune function. They are both primarily thought of as
costimulatory molecules which interact with their counterrecepter CD28 on T cells to
activate T cells. CD80/86 binding to CD28 is thought to be the most important
costimulatory event for T cell &gation as binding induces T cell cytokine production,
stabilizes mMRNA, increases glucose uptake and utilization, prevents anergy, and provides
a survival signal to T cell&5). Interestingly, the general lack 6D80/86 costimulatory
molecules on many types of tumor cells may explain why T cells seem to develop a

tolerance or anergy in the microenvironment of tunf8%s.
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CD28 is constitutively expressed on T cells whitehiomologue, CTLA4, is
induced about-3 days after T cell activation and binds CD80/86 with more than 10
times the affinity as CD2@5). In general it is believed that CD28 is the positive
regulator of T cell aovation while CTLA4, induced is the negative regulator and has
more suppressive effects on the immune resp(8#€35) .

Although CD80 and CD86 are generally thought of as T cell activaters, th
effects have been found ita@luenceB cell function as well. Mice deficient in both
CD80 and CD86 had-3 fold redwced basal serum levels of IgG2a &atlO fold reduced
lgG1(41). Similarly, Borriello foundhat B-7 knockout (KO) mice had a 99% reduction
in antigenspecific IgG1 and IgG2a responses ané@@ reductions in IgM responses
following immunization, irrespective of the site of immunization used or in the presence
of Compl ete Fr e u#ll &pon farthgr mvesigation i{ wad-fduipd that
CD86 had a greater role than CD80 in immunoglobulin production, class switching, and
antibody secreting cell@1). The kiretics of C80 and CD86 expression differ as well
with CD86 expression maximally induced by 24 hours and CD80 expression maximally
induced by 48 hours after B cell activati@4). Studies also show that the two
moleculeshave some overlapping roles in immunity such as the ability of CD80 to
compensate for antibody responses in the absence of @DB6

CD86, but not CD80, is indispensable for germinal center formation in the spleen
since CD86 KO mice fail to generate germinal centers upon immuniZafipnAnother
study on CD86 KO mice suggests that C[@&Bression odendritic cels, another
professional antigen presenting cells, could prignitssurvival in vivo(42). Since

CD86 intracellular signaling involves two separate pathways, PI3K/Akt and
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PLCo2/ PKCUbB which -dBtactcionateirgre iom BIFcel

CD86 stimulation increases survival of B cells as \(&4). While stimulation of CD86
has been shown to enhance immune respohsesden et.al. showed that autonomous
CD80/86 signaling is not required fBrcell activationantibody production, isotype
switching, or memory B cell responsess long as o#rlocal CD80/86 expressing cell
types wergresent to provide activation signals tocélls (40).

Resting B cells express low levels of CD86 but its expression is quickly up
regulated upon BCR stimulati@¢B3). While an increase in the percentage of B cells
expressing CD86 would most likely increase the likelihood of TRekll interactions
that would eventually lead to B cell responses, the level of CD86 per cedeslsts to be
important. High levels of CD80/86 costimulation are thought to induce maximal
expansion of T cells whereas the levels present on resting B cells induce very little

expansion of T cell§22).

The Role ofCD40

CD40 is a membrarleound molecule from the TNFeceptor superfamily and is
expressed constitutively on the surface of dendritic cells and B(88)|salthough CD40
plasma cells have been repor{88). Its expression on B cells is thought to occur even
before immunoglobulin heavy chain rearrangen{é8j and it has the capacity to signal

throughout the life of the B cell startifigpm the early preB cell stage of differentiation

(37). CD40 signaling has been shown to be important for somatic hypermutation, isotype

switching, germinal center formation, and generation of a memory B cell req@ons
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Activated T cells but not resting T cells express CD40L (CD154), a 39 kDa
membranebound protein which interacts with CD40 on APCs to deliver the second
signal for optimal APC activatio#4) and upregulation of CD80/885, 39) On the
other hand, germinal center B cells which fail to encounter T cell help will die by
apoptosig27).

While CD40 stimulation of B cells is an important signal for their activation, this
signal alone is thought to be incompetent in driving naive B cells into the cell(d$%3le
In vitro studies have shownahanttCD40 stimulation of IgMactivated germinal center
B cells but not resting B cells increased tyrosine phosphorylation events downstream of
the CD40 receptdi37). Similarly, Galli found that ardCD40 inducedroliferation of B
cells was confined mostly to the memory B cell sulp4&t On the other hand, Chen
found that antiCD40 stimulation alone could increase splenic B cell proliferg&2ém
though there was no mention of whether the proliferation was restricted to memory B cell
subsets. Van Kooten reported that CD40 can activate both immature and mature B cell
subsets in vitro, but it prevents B cell differentiation into plasma (9)s Chen further
reported thataCD40 +ante st i mul ati on of B cell s promo
proliferation in vitro cultures while ar€D40 + IL-4 treatment of splenic B cells
synergisticall y ilmgemlieeranscapt (ELT)mMck is isecessary of 0
for classswitching(25). Thus, it seems that the effects of CD40 stimulation on in vitro B
cells can activate, at least, certain subsets of B cells independently of other signals, but
that further B celktimulation through BCR crodmking or cytokines can augment the

activation response.
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Whereas the lack of IgG1 antibody produced by TD antigen immunizations in B7
KO mice can be overcome by other CD80/86 expressing cells in the local environment, B
cel autonomous expression of CD40 is indispensable for IgG1 argpgific responses
in vivo (40). This may be due to the fact that CBetinulated activation of B cells is
necessary for class switchi(®g, 39) CDA40 signaling is also important for some TI
antigen induced IgG antibody respongg€sg, 48) Interestingly, this saengroup suggests
that live viruses may induce B cells to express CD40L which could increase antibody

production(47, 48)

Classes of Antigen

Although researchers have tried tasdify groups of antigens as eithecdll
dependent (TD) or Tl it is clear that the distinction is not black and white. In general, TD
antigens are proteins or peptides while Tl antigens often are larger molecules with
repeating epitopes and may resenliplepolysaccharides (Tl type | antigen) or
polysaccharides (Tl type Il antige@9). The definitions are further complicated by the
fact that Tl antigensaninduce antibody responses independent of T cell helpnbut
some instances T cells or T cell cytokine signaling is beneficial to regulate the response
in a nonclassical manng@9). The main characteristic of a Tl antigen is that it does not
bind MHC class Il molecules ansl not recognized by the TGR9). In some instances,

Tl type | antigens rely on receptors of innate immunity such as thdiKeleceptors
(20). They also typically induckmited class switching, affinity maturation, and memory
responses, and unlike TD responses, are polyclonal actiya@rsTI type Il antigens

may induce an antibody response in the absence of T cells bgteiXK cells or other
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cells which can augment antibody productidf). As a generalization, Tl antigens

mainly induce IgM, 1gG2b, and/or IgG3 antibody responses while IgG1 and IgG2a are
more indicative of TD respoas(49, 50) New research now suggests that most TD
antibody responses may in fact have phases that are TI, such as inHadfitaty IgM
responses directly following B cell stimulation byigeh (50). Classical TD antigens
stimulate B cells in the ways mentioned above, relating to germinal center reactions and

costimulation, while many TI B cell interactions are still unknown.

Effectsof Retinoic Acid on B cells

RA is responsible for most of the effects of vitamin A on the immune sy&&m
It has been shown to have numerous effects on B cells including effects on antibody
response, proliferatig and differentiation.

Vitamin A has been shown to be necessary for optimal antibody responses to both
protein and TI type Il antigens but not for Tl type | antigens, such ag2R26) In
addition, RA has been shown to enhance antibody production to certain protein antigens
((51, 52)and reviewed irf32)). The effect of RA on antibody production is important
from a clinical standpoint, because it may suggest that RA given at the time of
immunizations could increase antibody response to the immunizing agent, thereby
increasing immunity against it. Many studies have been conducted to try to understand
the mechnism of this increased antibody response in order to better harness the
antibodyenhancing effects sometimes observed with RA. Even small changes to B cells

or B cell interactions, induced by RA, could have large effects on antibody response.
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Several tudies have shown that RA has both gquntliferative and antapoptotic
effects on B cells, depending on the culture conditions, the mode of stimulation, and the
subpopulation of B cell being analyzed. For example, while RA significantly decreased
antie (25) or anttCD40 (25, 53)induced proliferation of B cells, it did not decreasetlL
induced proliferation, suggesting a differential effect of RA on different patbleading
to proliferation(25).

Furthermore, several studies support the idea that RA can incrgzssof B
cells which are in either a more activated or differentiated @&)e Chen and Ross
have shown that RA can increase the population of a subset of B cells which display
more surface IgG, more CD138 (a marker of plasmacytic cells), and appear larger in size,
suggesting that RA cancrease a population of cells that express characteristics of a
more differentiated sta{@5). In another study, atRA increased an activated B cell
population (CD19gM *CD25') following LPS stimulation in childre(64). Ertesvag et.
al. showed that RA could enhance proliferation induced by-&p@ulation of CD27
memory B cell{55). In the same paper, the activation of p38MAPK led to increlised
10, cyclin D3, and IgG secretion indicating proliferation and differentiation of the B cells
into antibodysecreting plasma cel(85). Another study suggests that atRA accelerates
the differentiation of B cell;to IgD antibodysecreting plasma cel(83). RA has also
been shown to increase activatiouced cytidine deaminase (AID) gene expression in
B cells after 5 days of cultuf@5). Since AID is an enzyme specifically expressed in
germinal center B cellsna is necessary for somatic leymutation(28) this effect of RA
may be additional evidence that RA can accelerate B cell differentiéBioge antibody

is secreted by differentiated plasma B cells, these effects of RA on B cell proliferation
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and differentiation may help to explain the increased antibody respgomsesimes seen
with RA supplementation at the timeadccination.

Vitamin A may affect antibody responses in a cytokine dependent manner
through its effect of promotingnZ differentiation. It has been shown that vitamin A
deficiency leads to increaseglTcytokines which can then directly alter tha /2 cell
balance(3, 24, 26) However, studies show that vitamin A can promggcell
proliferation and differentiation through direct or indirect regulationaf T2
cytokine¢26) suchas the dowsregulation of IFNo s ecr e tyicells(23) r om T
Further studies have shown that atRA can increagkeskcretion by increasing the
number of 11-4 secreting #2 cells when ceacultured with cytokines hich promote 12
commitment(56). IL-4 and other {2 cytokines such as 1, IL-6, and IL-10 inhibit T,1
cell development. Therefore increaseedlshould continue promoting,d
differentiation, which habeen showna promote classwitch recombination that leads
to IgG1 productior{20). Furthermore, 1t4 stimulation of B cells may act as a survival
signal as it saves them from apoptd5i§. Thus, RA may affect B cell survival through
the regulation of cytokines which promotg2Tifferentiation and promote B cell

function and antibody response.

NKT Ce |-GalCarrEfflectddon Immune Function
NKT cells are a type of lymphocyte that eeps characteristics of both T cells
and NK cells. The TCRs that NKT cells express do not undergo the rigorous

rearrangements of classical T cell TCRs. Also unlike classical T cells, the TCRs of NKT
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cell are CD1d restricted, which means they can onlyg@ze antigen presented by
CD1d.

CD1d is a surface bound molecule that resembles MHC class I in structure, but is
more like an MHC class Il antigen presenting molecule in fun¢g8n59) In mice
there are two highly homologous CD1 genes (CD1D1 and CD@ED2)61) CD1d is
constitutively expressed on AP(@2) and recognizes and binds glycolimd
glycoprotein antigens and presents them to NKT ¢&8s62, 63) NKT cells have a
broad range of immune functions ranging from effects on cancer and infection to allergy
and allograft rejectiof64)which they mediate through cytokine secretion and activation
of other cell type¢64). While these functions sound promising from a clinical
standpoint, NKT cells represent only a small portion of lymphocytes (0.608%6f
blood lymphocytes}59, 64) and NKT cell numbers are different for each individé,
64).

Although there are different types of NKT cells, all types recognize lipid antigens
and all are CD1d restrictd@4). Type Il NKT cells express TCRs that recognize a
broader rage of lipid molecules including some hydrophobic and-lyaid aromatic
compounds as we{b4). Type | NKT cells, or invariant NKT (iNKT) cells have the
innateability to fight infection, maintain immune tolerandght cancerous tumors, as
well as secrete cytokines which can bridge the gap between the innate and adaptive
immune system They are called invariant NKT celi®cause they express a semi
invariant TCR generally consisting ot3.1;18 and either ¥8.2,\;7, or p2 in mice
while humans expressg4J;18 and 411 (64). Even within the iNKT cell family there

are different subsets of cells which vary in expression of CD4 and NK1.1 surface
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receptors. Different subset§iNKT cells are capable of secreting cytokines including
IL-4 (62, 62, 62, 64)IFN-0 (62, 6466), and IL-2 (62, 65) IL-5, IL-10, IL-13, TNFU ,
among others and can activate a number of different cell types such as DC, NK, B, and T
cells(62, 67) One study showed t {GalCerimdmectlyi vo admi
activated NK cells, increased the number and frequency of NK cells, increased the size of
NK cells, and increased NK cetiediated lysi§68). Another study showed that CD4
INKT cells could induce naive and memory B cell proliferation in a CD1d restricted
manner even in the absence of exogenously added afdigenThis reslt may suggest
that CD1d is normally associated with some endogenous arfiggen

Although researchers are still searching for the natural or endogenous ligand of
CD1d, the best ligand they hawve @ n d t h «GalCef, a glycdsphingdlipid
originally taken from the marine sponggelas mauritianug64). While some CD1d
ligands can bind directly to surfateo u n d  GIICet traffits to the late
endoly®somal compartments, displacesigiid bound to CD1d, and the complex is
then transported to the surface membrane in association with lipida2ftsThe polar
mo i e t-@GalGerfis tHe part of the molecule whistrecognized by TCRs, while the
saturated, hydrophobic, lipid chains are buried in the deep groove within the CD1d
molecule(63). Other INKT ligands such as the antigens isoglobotrihexosylceramide
(iGb3) and other glgosyl ceramides show varying levels of INKT cell activation and
some ligands have been found on bacteria su@phmgomonags4, 69)

The ¢ o m@GalenbihdsWith high affinity to CD1d and is a potent
activator of INKT cellg46). | n aGhl@er has lmeen,shown to increase primary

and secondary antibody response to T cell dependent anfi§9ns Furt-her mor e,
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GalCer given with ceadministration of a T cell dependent antigen was able to maintain a
high level of antigerspecific antibodysecreting plasma cells as late as 9 weeks after the
immunizationboost(70).
Just as CD40 and CD80/86 deficient mice are useful tools to study the functions
and roles of these molecules in vivo, mice deficient in INKT cells are useful as well. Due
to the dependence of all NKTIeon CD1d expression during positive and negative
selection in the thymus, CD1d knock out (KO) animals lack both type | and type Il NKT
cells(64). On the other handB” mice specifically lack INKT cell$64).
Another function of INKT cells is to jumptart the expansion of antigen specific
immune responses by providing CD40L help for DC and B cell activation during
inflammatory responsg$3). They have been shown to specifically increase B cell
antibody production and isotype classitching in the absence of classical T cell help
(65). For examm, INKT cells can induce IgG and IgM responses frooels upon
addition of t-GaCer@®Dhe dultuatb) In gdelition, GDAINKT cells,
which represent about half of the total INKT cell popula(®®), are more dicient at
inducing IgG and IgM responses as compared to CD& double negative iNKT cells
(46). Coupling an i m@uCerihasbden shawntaimdreasgBeell t o U
activation, proliferation, and antibodgsponses above either agent alone or the
combination of their soluble forn{g5). This effect on B-cell s |
GalCerspecific B cells.
T h egallépitope is commonly incorporated into endogenousotipyds and
glycoproteins in nofprimate mammal§71). This specific epitope

humans, but all humans are reactive to it and produce natur@ardantibodies (IgG,
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IgA, IgM) against it(71). In fact, at about 1% of circulating 1gG it is the most abundant
antigenspecific antibody present in the bo#i), exceeding antblood group A and B
antibodies by about four fol@2). C o n j -gakepitbpestahurban vaccine
antigens can increase the effectiveness of the vaccine by specifically targeting the vaccine
conjugate to APCs by way of atthal B cells (1% of circulating B cell§y1, 72)

Scientists believe that the CD-tlépendent activation of NKT cells depends on a
gl ycosyl cer amiadeo nmemntiicg easiCa69)c Howaver, ndJ
gl ycosyl cer amiadoeericgtyhts bgea discavéred m huthg®8). Since
b-anomeric glycosphingolipids are naturally occurring in mammalian cell membranes,
they have been suggested to be the endogenous ligand for(€@D.1d

While stimulating the immune response is generally beneficial during infection,
stimulating the immune response during an autoimmune response may increase the
severity of the di sg@gas$act o®y&al@er) aghtybeld o ¢ b d
suitable treatment for autoimmune diseases such as lupy&naetiiated autoimmune
disorder(66). | 't was dGaker decreased the percemttof détectable NKT
cells, while also reducing thesity of lupus(66). Anot her s-GalCgry f ound
similarly reduced NK-Gal@eg didnotacivetb MKrcell@8 d, unl
Repeat ed ad mGaldersitvivashifis thal/HZ baldhce towards,?
cytoki ne p ¢Gal@eumnighibe amosesuitable treatment fdrMediated
autoimmune disorde($9).

In summaryR A a 1GdlCeblhave been shown to haveetse stimulating
effects on the immune system. They have both been shown to prosRote T

differentiation, increase antibody responses, as well as alter cytokine production from
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various immune cells. In addition, both compounds have been shown to afftt B
di fferentiation either directly {GR®@e). or in
The current study was dé&slCegaodddegilabe det er mi n
immunity by targeting costimulatory and accessory molecules on the surfaeeBf th

cell.
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Chapter 2
Rationale

Retinoic acid given orally at the time of the primary immunization with TD
protein antigens such as TT has been shown to increase both primary and secondary
antibody responses in vivo. Due to the many effects of retinadcoacthe immune
system, including direct effects on B cells, there are numerous mechanisms which may
contribute to the augmented antibody responses. The ability of retinoic acid to promote
B cell differentiation into antibodgecreting plasma cells is theost studied effect and it
is commonly used to explain the increased antibody responses. However, there may also
be other factors influencing the immune response to protein antigens; factors which may
underlie the ability of retinoic acid to promote Blabfferentiation.

As discussed in Chapter 1 costimulatory molecules present on B cells are known
to have an important role in delivering activation signals to both T and B cells duBng T
cell interactions in the germinal centers of secondary lympdrgians. If retinoic acid
has an effect to increase expression of costimulatory molecules on B cells and other
surface markers of activation or differentiation, then perhaps in this way retinoic acid can
impact B cell differentiation and, in turn, antiyogesponsesStudying the changes in
surface expression of costimulatory molecules will also help in the understanding of the
effect of these treatments on the APC characteristics of B cells which could have
implications for the function and efficiency aftigen presentation. Finally a time course
evaluation of the predicted changes may help identify certain molecules which are

induced early or late due to specific treatments. Such an understanding of the timing of
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surface molecule expression could gnaduable insight into the consequences of similar
changes in vivo.

The synt het i-GalCei s also Eeentshogretmincredse antibody
responses to TT antigen immunizations and promote B cell differentiation through its
effects on iNKT cells.lt is well-k n o wn -GalCer bind§Jto the MHClass {like
molecule CD1d on antigen presenting cells wherefore it can strongly induce activation of
invariant natural killer T (iNKT) cells, which can then influengd /T2 responses
through productionrad secretion of a variety of cytokines. What is unknown is whether
t he ef fGalCer are dependéht on CD1d or whether this antigen can exert its
effects on B cell immune responses independent of CD1d.

INKT cells are important type | NKT cells wdh have innate ability to fight
infection, maintain immune tolerance, fight cancerous tumors, as well as secrete
cytokines which can bridge the gap between the innate and adaptive immune system.
Given its intrinsic ability to increase antibody response tamu n i z &halCeois s , U
currently viewed as a potential adjuvant for vaccines. Learning its mechanism of action
and level of dependence on CD1d will take us one step further towards understanding
how this synthetic lipid has such powerful effects o itmmune system and will allow

us to make better use of its properties in the future.
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Aims and Hypotheses
Question 1: -Gal@aragul®e celhactigatiod and differentiatiathrough
targeting costimulatorgnolecule expression ddcells?
Hypot hesi s-GalCertre®mentsilhincredse costimulatory molecule
expression on B cells.
Aim 1: To measure, by flow cytometry, the expression changes in costimulatory

molecules induced by in vitro treatmentsR& andU-GalCertreatment.

Question2:Ar e t he -S4élGeeon inseased antibody response dependent on
CD1d?

Hypot hesi s 2 :-GalCérlreincredsdd antiiody responsdare dependent on
CDA1d.

Aim 2: To quantify the differences in antibody respeim wildtype (WT) and CD1d

knockout mice to tetanus toxoid immunization dalCeradjuvant.
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Chapter 3

Methods and Materials
Mice
Female, adult BALB/c miceBf12 weeks olfilwere purchased from Charles River
Laboratories\Villmington, MA) ard were used in most in vitro studies. Twenty, female,
Balb/c (WT) mice and twelve, female, Balb/c12281tm1Gru/J mice (CD1d KO) were
obtained from The Jackson Laboratory (Bar Harbor, Maine) for use in the in vivo study.
All animals werehoused impolysyrene cageat 70 F on a twelvehour light/dark cycle.
Mi ce were cared for by The Pennsylvani a
and were provided a standard rodent chow (Lab Diet 5001) and water ad libitum. All
proceduresvere in compliancewit h The Pennsyl vania State

Animal Care and Use Committee.

B cell enrichment

Using aseptic techniquepleens wereollectedfrom euthanizednice anchomogenized
over wire mesh to create a singlell suspension in sterile DPBShespleen cells were
then enriched for naive B celly removing CD4, CD8', CD115, CD43, CD498B, Ly-
6G(Gr1)*, and TER119cells using the EasySEpMouse B cell Enrichment Kit
(StemCell Technologies, Vancouver, @da) according to its protocol buttlvslight
increases in the timed incubation steps to increase purity. A small portion of pre
enrichment and posinrichment cells were set aside for later use in determining
enrichment efficacy. Sinced blood cellsvere still present in there-enrichment

sample, these cellgere lysed with 0.5 mL of ddi for 20 seconds followed by dilution
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in 14.5 mL of DPBS. The purity of the enriched B cells (CD1®as >84.4%at time of

isolation, but ©1.6% after 24 hours of culture and >93% after 96 hourslafreu

In vitro B cell culture

Enriched B cells were counted using a Brighte hemacytometer (Hausser Scientific,
Horsham, PA) to determine B cell yield and densitgliOvere then plated in 12, 24, or

48 well Falcon Tissue Culture Plates (Becton iskn, NJ) at a density of > 1&@ell

in 1X RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with €86
inactivated fetal bovine serum (FBS), 100
a n dmefzaptoethanol (5x10M ) (Invitrogen, Carlsbad, CA). Treatment combinations

were then applie(see below andppendix A, in duplicatesor triplicates to the enriched

B cells and incubated at 3€ with 5% CQ/95% air in a watejacketed incubator

(Forma Scientific) fod 1,24, 48, 72andbr 96 hourgsee appendix B).

In vitro treatments
A concentrated stock of alfansretinoic acid (Sigma, St. Louis, ®) in ethanol was
diluted in culture medium immediately preceding its application to cells. The final

concentration of RA in RAreated wells was 20 nM, a dose considered within the
physiological rangea-galactosylceramide KRN 70@®lexis Biochemicalsvas
reconstituted as a concentrated stock #BSand diluted in culture medium prior to its
application to cells. The final concentrationsefGalCerin a-GalCertreated wells was
100 nM. b-galactosylceramidésigma, St. Louis, MO) was similarly addexdwells to

attain a final dilution of 100 nM/well. To stimulateCRs anttmAf f i ni Pur e F( abé
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Fragmentat#115006-075 (Jackson ImmunoResearch Laboratories, Inc., West Grove,

PA) was added to appropriate culture wells aginL. Purified anttCD40 (323)(BD
Pharmingen, San Diego, CA) was added to specified culture wells at a final concentration
of 0.5 mg/ml. Recombinant 4 was added to specified culture wells at a final

concentration of 1ng/mL.

Flow Cytometry Preparation and Analysis

At appropriagé times, cells were harvested freach welland separated equally inte32
groups for fluoocrhomelabeled antibody staining, thus each well receivesdtiple

staining combinations. Cells were stained with approximately® df each antibody in

a DPBS(Invitrogen,Carlsbad, CA) wash buffer supplemented with 1% BSA (Sigma, St.
Louis, MO) and 0.05% sodium azide (Sigma, St. Louis, MO), with up to 4 different
stainsper group. Group 1 staining includadt-CD40,ant-CD86,antiIgD, and ant

CD19. Group2 staining include@ntilgG, anttigM, and aniCD19. Group 3 staining
includedant-CD1d and antCD19. Group 4 staining included aigiG, antil-A®, and
ant-rCD19. Group 5 staining includesht-CD86, ant-CD80, and amntCD19. Re- and
postenrichrrent cells were stained with ai8220, antiNK1.1, anttCD3, anttCD19,
ant-CD86, antiCD40, antiCD11c, and aCD1d (seeAppendix C formore details)

Cells were stained in the dark at@or at room temperatufer 60 minutes and then
washed once iwash buffer. Wash buffer was then used to resuspend the cells after
which they were loaded into 1% paraformaldehyde (Sigma, St. Louis, MO) in DPBS to

fix the cells. Samples were kept in the dark, covered, until dametryanalysis.
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Stained samplesere analyzed using the FC500 flow cytomé¢8&arial Number
AK16127,BeckmanCoulter, Brea, CA) and analyzed by Flowslaftware version 8.8.6
(Treestar, Inc.Ashland, OR and Prism versioB.0b(GraphPad Softwaréa Jolla, CA).

A non-stained sample ofetls, pooled from all treatment and control samples, was used to
set uplive gates and separate positstaining from background stainigr each

individual antibody Background levels were set to 0.5% of cells for each FL gate on the
nonstained samplef cells. Isotypematched singlstained cellsvere used to

compensaten multiple-stain experiments. Compensation was performed untiedian

or Y-median fluorescence values of the positive staining cells were within 0.1 of the non
staining cells. Ciypmeter voltage settings were generally the same except for slight day
to-day modifications to ensure the fluorescence of thest@ned sample fell within

background levels.

Cell Numbers and Viability

After re-suspending cells in culture plates,&l0 was removed from each
number and viability counting. One sample at a time, trypan blue was added to cells and
pipetted onto a Brightine hemacytometer (Hausser Scientific, Horsham, PA). Under

100X magnification cells were counted in téiagonal 4x4 grids on the hemacytometer.

Both white (live) and blue (dead) cells were counted and recorded separately per grid.
Average numbers of live and dead cells were calculated and then averages of the three
samples per treatment were averageddtermine the average number of live and dead

cells per treatment.
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Secreted IgCollection and Analysis

Appropriate treatments were added to wells containing ~1x1076 cells/well. Plates were
cultured with cells for either 11 or 93 hours. At the appedpriime, cells were
resuspended in each well and the entire we
Tubes were centrifuged at 1600 rpm for 5 minutes at 4 °C. Supernatants were carefully

transferred to new 0.5 mL tubes and frozef88t°C uni further use.

ELISA for IgG from Supernatants

Secreted IgG from the treatment stimulated B cells was quantified using a sandwich
ELISA. Affinity purified goat antimouse immunoglobulin (Organon Teknika Corp.,

West Chester, PA) was used to coat 96 WeINC Maxisorp plates (Apogent
Technol ogi es, Portsmouth NH) at a concentr
M Tris buffer, pH 7.6. Plates were washed in 0.015 M Tris (Fisher Scientific, Pittsburgh,
PA) with 0.05% Tween 20 (Sigraldrich, St. Lous, MO) and 0.135 M sodium

chloride. Blocking buffer of 1% BSA (Sigm@ldrich, St. Louis, MO) in 0.15 M Tris

buffer was used to block plates against-spacific binding. After 1 hour, supernatant
samples were diluted in blocking buffer and added to platks. Purified mouse 1gG
(Organon Teknika, West Chester, PA) was used as the standard. Plates were stored
overnight and washed in wash buffer once again. DilutespEcific alkaline

phosphatase conjugated amuse IgG (Sigm&ldrich, St. Louis, MO)was used as the
detection antibody. After an hour incubation and another wash, Sigmariidghenyl
phosphate disodium phosphatase substrate (S&ddnech, St. Louis, MO) was used to

detect the antibody. Plates were read at a reduction e6A0Bmon a SpectraMAX
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Plus spectrophotometer (Molecular Devices, Sunnyvale, CA). Relative supernatant IgG

was calculated from the standard curve.

In Vivo Experimental Design

At eight weeks of age, twenty wildtype and twelve CDhdice were separated into

eight groups for immunization: WT neimmunized control, WT TT control, WT

TT+RA, WGaTTeU, WTGAITEGRA+UKO TT Gal@e,rol , K
KO TT+ RBAlged Mice were injected simultaneously (IM) with tetanus toxoid (10

eg/ mous-GilCeaki®i 7000 (Al exis Biochemicals) (4
Mi ce were also given an oral dose of eithe
volume of vehicle canola oil for a total of 7 consecutive days. Serum was collected from

the retreorbital sinus on da9 after the primary immunization, day 28 before the

secondary boost, and then day 7 gasdst. Serum was collected from the vena cava

during the sacrifice on day 14 pdstost §eeFigure 1 belowy.
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Il n vivo

administration, and blood collections. TT was give on day 0 and a booster
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wa s

gi ven

on

d a y -Gal8er was givieh once pnedaytoi on of U

Blood was collected from the retobital sinus prior to TT immunization

on the daysridicated or through the vena cava on the day of sacrifice. All

animals were sacrificed on day 42.

ELISA for TetanusSpecific Antibody

Purified TT was diluted and plated on-@@ll NUNC Maxisorp plates (Apogent

Technologies, Portsmouth NH) at a concentrao n

of

10

e g/ ml

overni

M Tris buffer, pH 7.6. Plates were washed in 0.015 M Tris (Fisher Scientific, Pittsburgh,

PA) with 0.05% Tween 20 (Sigraldrich, St. Louis, MO) and 0.135 M sodium

chloride. Blocking buffer of 1% BSA (Sigmaldrich, St. Louis, MO) in 0.15 M Tris

buffer was used to block plates against-spgcific binding. After 1 hour, serum

samples were diluted in blocking buffer and added to plate wells in serial dilutions.
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Previously collected serum containing high titefr3 ®-specific antibody was used as the
standard and was serially diluted on each ELISA plate. Plates were stored overnight and
then washed in wash buffer once again. Dilutedpexific alkalingphosphatase

conjugated ammouse IgG (Sigm&ldrich, St. Louis, MO) was used as the detection
antibody. After an hour incubation and another wash, Sigma-b@ophenyl

phosphate disodium phosphatase substrate (S&ddnech, St. Louis, MO) was used to

detect the antibody. Plates were read at a reductio®5e520 nm on a SpectraMAX

Plus spectrophotometer (Molecular Devices, Sunnyvale, CA). Relathspddific

antibody titers were calculated from the standard curve.

Statistical Analysis

Means, SEM, an@ values were calculated using Prism software (versioh).

Columns were analyzed bycmeay ANOVA wi t HestDnskideyt test.p o st
Significance was determined foP%0.05, **P<0.01, or **P<0.001. To account for

variation between experiments, each treatment was normalized to the average of the
control sample for each separate experiment and then plotted together as relative values.
In cases of unequal variance between in vivo treatment groups, raw data first underwent a

log transformation prior to statistical analysis.
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Results

Part I: h vitro studies
In vitro B cell viability after 96 hour culture

Cell viability was determined after 96 hoursiofvitro B cell culture withvarious
combinations ofreatment®ither known to or expected to induce changes in

costimulatory molecule expresa (Figure 2).
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Figure 2. Cell counts at 96 hours post treatment foitio time course.
Cells were resuspended at 96 hours and a portion were stained with
trypan blue. The dotted line represents the starting number of cellatwell
time of plating. Bars represent means = SEM for three replicate wells per
treatment. Data is representative of one experiment. Different letters
indicate statistically significant differences as analyzed by-veae

T ekt,P<P.0% UGaolsGer was -€@ortened
A) Live cells were counted as the white cells in the
trypan blue stained portion from each well. B) Dead cells were counted as
the blue cells in the trypan blue stained portion from each well. C) Total
cells = live cells + dead cells, no significant differences.

ANOVA and
for these figures.
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T he RQalkEer treatment preserved one of the highest levels of live cells, second only
to anttCD40+IL-4 treatment (Figure 2A). These two treatment groups also had the least
number of deadells (Figure 2B). There were no significant differences between the

total number of cells, live and dead, between the treatment groups analyzed at 96 hours
(Figure 2C), although the number of cells/well at 96 hours was greater than the number of

cells/wdl at the time of plating for each treatment group.

Setting up gates for flow cytometry analysis

Prior to flow cytometry all cultured cells were stained with the appropriate
fluorochromelabeled antibodies and fixed in a 1% paraformaldehyde solutiogefo k
them from further change between the end of the staining process and the actual analysis
with the flow cytometer. While all cells were technically dead at the time of the
cytometer analysis, there was also considerable cellular debris from celiadiabst
likely died in culture, prior to paraformaldehyde fixing. Therefore, during analysis a gate
was set up, based on forward scatter and side scatter, to distinguish between the
presumably live and dead cells prior to fixing, and to remove cellelanisifrom
analysis. For example, the cells within the inner box in Figure 3A were thgdted
cells for one experiment. Only these cells were used for further analysis of surface

marker expression.
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Figure 3. A) Example of FS/SS plot for a gqmnsated, unstained

sample. Inside box shows Ingated cells which were used for analysis.

B) Histogram examples from an unstained sample (left) overlaid with

positive staining sample (right). The positive staining sample is split into

lo- and higatel populations between the two peaks as indicated with the

two, short, bracketed lines. The longer bracketed line on the bottom

shows the threshold between background fluorescence and positive

staining. This longer line incorporates 0.5% of the unstasagaple and

signifies that 91.5% of the analyzed cells were positive for this stain.

A 6negatived or unstained sample was us
well as background fluorescence for each of the four cytometer channels used: FL1, FL2
FL4, FL5. For each experiment the threshold for background fluorescence needed to be
changed to better suit the sample of cells being run. One at a time, the voltage of each
channel was fine tuned so that the peak of unstained cells rose and fd reitigin the
first decade of its histogram. Since there almost always is background fluorescence
within a given channel, another gate was then set up so that any fluorescence that shifted
the peak to the right beyond 0.5% of the unstained cells wer&leoe stained cells

(see the gray line in Figure 3B). Compensation was also performed on each single

stained sample to ensure correct detection of each specific fluoroctabehed
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antibody. The unstained samples and the sisiglmed samples were nedp of pooled
cells from each treatment and each well of the in vitro culture plate.

While analyzing the histograms of the different dyes it became apparent that some
populations contained two distinct subsets which differed from one another basen on the
fluorescence intensity of expression. These populations, seen primarily for CD19, IgD,
and CD40 expression, each contained a subset of cells which expressed a low intensity of
the marker and another subset which expressed a high intensity of the. nfarkerther
analyze the effects of treatments on one or another of these subsets, they were separated
into 6hi é and 61l 06 populations from the va
in Figure 3B. Some analysis was conducted on the total pmpylathile other changes

A

dealt specifically with one of these o6hi 6

Treatment effects on CD19 expression

One of the most obvious effects of the cell culture treatments was on expression
of CD19. As seen from the control samples, thedifer CD19 expression was to shift
from a predominantly CD19hi population at 24 hours to one predominantly CD19lo at 96

hours (Figure 4).
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Figure 4 Histograms of CD19 expression showing separation of CD19lo
and CD19hi populations. The-akis repesents fluorescence intensity of
CD19 expression. The -#xis represents the percent of cells. Gating
between hi and lo expression was set at the bottom of the valley between
the two peaks or was copied from the control of the matching day in
cases wherdhere was no second peak. Each histogram represents
duplicate samples (black and gray) from the same experiment. While the
kinetics of the changes differed from experiment to experiment, the
general treatment effects seen here were similar to theestperiments.
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Il nterestingly, anGalCérdetaget thheeswitch froro GD1%hitm i ng U
CD19lo and maintained a large population of CDX@fis. At 96 hours podteatment
t h eGalCer treatment alone contained about twieegercent of CD19hi cells
compared to the control as did the combinatioR & +GalCer. Theant t r eat men't
showed an accelerated switch from CD19hi to CD19lo as compared to the control and
RA had little effect on slowing the switch. However, thelé¢ripeatment of anti
e +RAGH|I Cer delayed the CD19hi to-G&@A9] o sw,
alone.

Another pattern observed with CD19 expression was an increase in the mean
fluorescence intensity of both the CD19hi and CD19lo populations fdotoa 26 hours
regardless of treatment. As shown in Figure 5, at 96 hours, cells which would have been

classified as CD19hi at 24 hours, were instead considered CD19lo.
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Figure 5. Shift in CD19 fluorescence intensity from 24 to 96 houre T
vertical line shows the separation between CD19lo and CD19hi
populations at 24 hours after culture with treatments. From 24 to 96 hours
the fluorescence intensity of CD19 expression increases. These graphs are
representative of untreated B cell cu#tsifrom one experiment, however

this same trend was observed with all treatment groups.
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This is due to an increase in CD19 fluorescence intensity on both the CD19hi and
CD19lo populations over the foday culture. Since there were still two distinct
populations within the CD19 positivetaining cells at 96 hours, hi and lo populations
were gated the same as befoifeom the middle of the valley between the two peaks or,
in the absence of a second peak, gates were copied from the control sample of the

marthing day.

Treatment effects on IgD expression

In vitro cell culture treatments also had a profound effect on IgD expression. The
flow cytometry density plots below (Figure 6) show the percent of cells stained negative
and positive for IgD and CD86 fainree key treatment groups: comtrp  RGalCé,

and antie + R A-&dICer.

control RA+a-GalCer anti-u+RA+a-GalCer
N 46.6] {8.92 i 813 '

649" 868
L B L | bl | L | T L Lk | TreeT T
100 101 102 103 100 10! 102 10° 100 10! 102 108

CD86 >

L | T Lk

Figure 6. Percent of cells staining [g@nd/or CD86 96 hours post
treatment. Treatments had more of an effect on changes in fluorescence
intensity of IgD than on percent of cells expressing IgD. Above trek bla
dotted line are the IgDhi cells while below the black dotted line are the
IgDlo cells. Density plots are all from the same experiment.
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While the percent of cells staining B e cr eas ed s | iGgl@ertregtmenti t h RA
and further with the trig treatment, the changes in fluorescence intensity of IgD
expression were easily seen-GéCettrwated Bcellsr e at m
had a greater population of IgDhi staining cells at 96 hours as compared to the control or
the triple treatmerat t he same ti me point. -GalBdrso wort |
treated cells formed at least two distinct populations of double positivE€ D86 cells
while the additonofarie bl urred t he boundaries between
double posive cells.

The four graphs below in Figure 7 confirm and quantify the changes in IgD

expression seen in Figure 6 between the three key treatment groups.
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Figure 7. Differences in IgD expression between treatments cgdiesl

Percent of IgDhi cells at 96 hours
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cells at 96 hours. A) Relative percent of cells expressing IgD,
B) Relative percent of
cells expressing IgDhi. C) Relative mean fluorescence intensity (MFI) of

cont r oiGalGrantte + R A-GdlCer.

IgD. D) Relative total IgD expression (percent of celkpressing IgD x

MFI). Data was normalized to the control and plotted as the mean + SEM.
Represented here is the combined data from three separate experiments

(n=7). Statistics were generated by -ona y
test, **P<0.01,*** P<0.001

ANOVA

and-

Tukeyos
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Figure 7A quantifies what was seenpoaisly in Figure 8 b ot h -RalCerlas well

as ant i-Gal€d teatldents had minute but statistically significant decreases in the
percent of IgD cells at 96 hours as compared to the control. However, looking at subsets
of IgD* populations yields strk i n g r e sGalCer teeatmeRt Aae greater than 2.5
times the percent of IgDhi cells while the triple treatment had greater than 1.5 times the
percent of IgDhi cells at 96 hours (Figure 7B). Since the hi and lo populations were
initially separated &sed on fluorescence intensity it is logical that as increase in the
percent of IgDhi cells coincides with an increase in the overall IgD MFI (Figure 7C).
Finally, Figure 7D shows the total IgD expression, which is the product of the percent of
cells expessing IlgD multiplied by the MFI. This graph illustrates that cells from the
RA+UGalCer treatment had greater than 1.5 times the total gD expression as compared

to the control cells at 96 hours.

Treatment effects on CD86 expression
Stimulation of B cells through cro$isking withantte i n t he tri pl e
resulted in almds4 times the percent of CD86ells at 96 hours compared to control

(Figure 8A).
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Figure 8 Expression of CD86 on livgated splenic B cells 96 hours post

treatment. A) Relative percent of CO8B cells. B) Relative total CD86

expression (percent ot€ells expressing CD86 x MFI). Data was

normalized to the control and plotted as the mean £+ SEM. Represented

here is the combined data from three separate experiments (n=7).

Statistics were generated by eneay A NOVA and -teStukeyds po
*P<0.05, **P<0.01,*** P<0.001.

Al t hough it was not -GalCertraatedacell$ tgndesl toglsoihdve ¢ a n t
a greater percent of cells expressing CD86 as compared to the control, but not to the
extent of the triple treatment. However, analysis of thed ©D86 expression at 96 hours
(Figure 8B) shiGewtseatdd belisthadrRignifitantly higher CD86
expression at 96 hours than the control which indicates that this treatment also resulted in
higher CD86 MFI as compared to the control.

Another interesting observation about CD86 expression was that the primary
factor influencing the percent of CD8éells was whether or not the B cells were

stimulated withante ( Fi gur e 9A) .
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A Percent of CD86+ cells in culture B Percent of CD86+ cells in culture
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Figure 9. Percent of CD8@ells in culture. All data are pked as mean

+ SEM and statistics were generated by-oney ANOVA and Tukeyd
posttest. A) Treatment groups were combined into two groups based on
whether or not they containedaati st i mul ati on. The unst.i
receptor (BCR) group consisted: of cont r@al,CeRA, RAG+U

Gal Cé&nlCer. brhe stimulated BCRs group consisted of:-anti -a n t i

e + RA, -¢ &@alCer, ante + R A-&dlCer. CD86 expression is

induced early and is sustained throughout the 96 hour culture period.
*significantly different from unstimulated BCRs at same time point,

P<0.05. #significantly different from unstimulated BCRs at 24 hours,

P<0.05. Percent of CD86+ cells was not significantly different foranti

stimulated BCRs between 24 and 96 hours. Representative eof on

experiment, n>6. B) All cultured cells, even the control, had rapidly

increased CD86 expression seen within 11 hours of treatment application

and expression did not significantly change thereafter. *significantly

di f fer ent -GdlQertratnRmrgup for the same time point,

P<0.05. Representative of one experiment, n=3.

When all treatment combinations withaati wer e compared to all tr
combinations withoutan , t he p e r cliswas signfficar@ypdiférent at

each time pimt. Furthermore, the percent of CD&®Ils remained constant throughout

the time course starting at 24 hours. There was no statistical difference between the

percent of CD8bcells fromtheantt st i mul ated B cel | recept ol

hours, ahough the unstimulated BCRs had minimal but statistically significant decreases

in expression at 72 and 96 hours as compared to the 24 hour time point.
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In a separate experiment, cells were analyzed 11 hoursreashent to observe
if changes in CD86 gxtession would occur this rapidly. At 11 hours the percent of
CD86  cells had already increased to around the same levels observed later at 96 hours
(Figure 9B). CD86 was consistently expressed over thedayexperiment such that
the percent of CD86cells did not significantly change from 11 to 96 hours for the same
treatment. Although the percent of CD®6cells was significantly different between
R A +@alCer treated B cells and the triple stimulated B cells at 11 hours, they were not
significantly different at 96 hours.

Since CD86 expression seemed to be influenced by treatments which delivered
classical O0signal 16 of activation signal
tested to determine i f cost2iomuolfa taocrtyi vsa tginoan
also influence CD86 expression. In this group of treatmentC&D stimulation of
cultured B cells had no effect on increasing the percent of cells expressing CD86 at 96

hours postreatment (Figure 10).
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Figure 10. Percerof CD86+ cells in the liv@ated cells at 96 hours pest
treatment. Data are plotted as means + SEM and represent one
experiment, n=3. Different letters indicate statistically significant
differences,P<0.05. Statistics were generated by-areey ANOVA and
Tukeyos (pCoasltCetre swa.s -&@forthese figeres. t o U

However, the combination of afffiD40+IL-4 resulted in dramatically increased CD86

expression at 96 hours. The triple treatment combined witfCaMD and -4

minimally increased the percent of CD8eessing cells above the triple treatment

al one. -Galter, trigldtrediment, and a@D40+IL-4 treatments alone or in

combination result in dramatic increasest{Bcontrol) in the percent of CD86 expressing

B cells at 96 hours.
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Treatment effeston CD80 expression
Only one of the fouday experiments analyzed CD80 surface expression at 96
hours. In that experiment, the percent of CD&flls was about half the amount of the

percent of CD8bcells at 96 hours (Figure 11).

ik

Figure 11. Percertf CD80+ B cells in livegated cells at 96 hours post
treatment. Bars represent means + SEM from one experiment, (n=3).
Different letters indicate statistically significant differenceB < 0.01.
Statistics were generated by eneay A NOV A  a pabtteft.uk ey 0 s
Gal Cer was -6&Gforthesefgares. t o U

Whi | e -QlGer teatment had an impact on the increased percent of CEIRGit

did not have a significant effect on the percent of Ci@lls. In fact, the only treatment

combinations wwich significantly increased the percent of CD86lls were the treatment
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