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Abstract 

Retinoic acid (RA) and Ŭ-Galactosylceramide (GalCer) have been shown to have 

diverse stimulating effects on the immune system.  They have both been shown to 

promote Th2 differentiation, increase antibody responses, as well as alter cytokine 

production from various immune cells.  In addition, both compounds have been shown to 

affect B cell differentiation either directly (RA) or indirectly through iNKT cell activation 

(Ŭ-GalCer).  The current study was designed to determine if RA and Ŭ-GalCer could 

regulate immunity by targeting costimulatory and accessory molecules on the surface of 

the B cell.  The hypothesis of this thesis is that RA and Ŭ-GalCer will regulate immunity 

by increasing expression of accessory and costimulatory molecule expression on the 

surface of B cells.     

Splenic B cells were cultured with various combinations of RA, Ŭ-GalCer, and 

anti-ɛ treatments in order to stimulate naµve and resting B cells.  Expression of 

differentiation and activation markers, mainly costimulatory molecules and isotype-

switched immunoglobulin, were analyzed by flow cytometry analysis at different time 

points after treatment addition. 

Furthermore, CD1d
-/-

  mice were used to determine whether the enhancing effects 

of Ŭ-GalCer, seen in vitro for B cell surface marker expression and in vivo for the anti-

tetanus antibody response, were dependent on CD1d.  Therefore, experiments compared 

WT and CD1d
-/-

 responses to the aforementioned in vitro treatments as well as in an in 

vivo tetanus toxoid (TT) immunization study with RA and Ŭ-GalCer treatments. 

The in vitro treatment results suggest that RA+ Ŭ-GalCer may prime B cells for 

enhanced immune response to antigen stimulation through increases in CD19hi and 
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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 anti-tetanus antibody response 

in vivo.  In addition, good evidence was provided that the Ŭ-GalCer effect of enhanced 

IgG response to TT immunization is dependent on CD1d expression. 
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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, I will first introduce vitamin A, B cell differentiation and 

costimulation, the effect of RA on B cells, and the effects of Ŭ-GalCer on the immune 

system in order to establish the background for this thesis. 

 

Introduction to Vitamin A 

 

Vitamin A is a lipophilic, fat-soluble, micronutrient that is essential for all 

vertebrate species (1, 2).  Vitamin A has important functions for optimal vision, 

reproduction, epithelial integrity (3), embryonic development, cell and tissue 

differentiation, gene expression, and also immune function (1, 2).   

 

Basic Metabolism 

Vitamin A can be incorporated into a diet as preformed vitamin A and provitamin 

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 ɓ-cryptoxanthin and ɓ-carotene are found in many green, yellow, orange, and 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 phospholipase B convert RE to 

retinol in the intestinal lumen (2, 4).  Mixed micelles containing retinol are then absorbed 

into the enterocytes by facilitated diffusion at an efficiency of less than 75% (4).   
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Once inside the enterocyte, retinol bound to cellular retinol binding protein II 

(CRBP II) is esterified by lecithin: retinol acyltransferase (LRAT) or free retinol is 

esterified by acyl CoA: retinol acyltransferase (ARAT) and the resulting RE are 

incorporated into chylomicrons along with triglycerides, phospholipids, and fatty acids 

(4).  The chylomicrons then enter the circulation through the lymphatics (4).  Liver 

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 (RBP) (4).  At this stage, 

retinol can 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 liver, re-entering circulation for uptake by 

extrahepatic tissues.  The liver is the major site of vitamin A storage in the body as about 

50-90% of the total vitamin A in the body is present in liver stellate cells (1, 4). 

Extrahepatic tissue uptake of vitamin A generally occurs through retinol uptake 

by RBP-receptors such as Stra6 (1) or through chylomicron remnant uptake of RE 

through the binding and internalization activities of the low-density lipoprotein (LDL) 

receptor.  Bone marrow (1, 4), lactating mammary gland (1), and spleen (4) and can take 

up chylomicron 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 retinol levels are strictly maintained within 1-3 ɛM regardless of recent 

dietary intake (1, 5).  On the other hand RE concentrations in circulating chylomicron 

remnants depend greatly on recent dietary intake (5).  Retinoic acid travels to 

extrahepatic tissues attached to albumin (1, 6) and its concentration in blood is generally 

between 5-10 nM (6). 
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Acidic Retinoids and their Receptors 

11-cis-retinoids and the acidic retinoids, 9-cis-retinoic acid (9-cis-RA) and all-

trans-retinoic 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 expression (1).  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 since its receptor, the retinoic acid receptor (RAR), resides within the 

nucleus of target cells. 

RAR and retinoid X receptor (RXR) are type II nuclear steroid hormone receptors 

which act as transcription factors to regulate gene transcription in target cells. There are 

three subtypes of each nuclear receptor:  RARŬ, RARɓ, and RARɔ, and RXRŬ, RXRɓ, 

and RXRɔ, though expression of each subtype varies between cell types.  In addition, 

each subtype has at least two isoforms created through alternative splicing mechanisms or 

the use of differential promoters (9).  RAR and RXR form heterodimers which bind to a 

retinoic acid response element (RARE) or retinoid X response element (RXRE) most 

often located in the 5ô regulatory region of retinoid regulated genes (7).  All-trans-

retinoic acid and 9-cis-RA are both ligands which bind to and activate RARs, although 

atRA is the most potent ligand.  Only 9-cis-RA is known to bind RXRs (9).  In the 

absence of ligand, the RAR/RXR complex is bound to DNA with co-repressors which 

prevent gene transcription.  Ligand binding to RAR/RXR, induces conformational 

changes which release co-repressors and create surfaces for co-activators to bind, leading 

to specific gene activation, gene repression, or release of gene repression (2, 9). 
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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 the cell (8, 10, 11).  One 

such study found that the increased activation of phosphatidylinositol 3-kinase (PI3K) 

and extracellular signal-regulated 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 membrane (10). 

Over 500 genes have already been shown to be regulated by RA either directly or 

indirectly, including signaling molecules ERK2 and protein kinase C (PKC) (12).  RXR 

can also form dimers with other steroid hormone receptors such as the vitamin D receptor 

(VDR), thyroid hormone receptor (TR), peroxisome proliferator-activated receptor 

(PPAR), and others (1), increasing the number of genes that are under the direct or 

indirect regulation of acidic retinoids.  The ability of RA to influence mRNA stability is 

another example of indirect effects of RA on gene expression (12). 

 

Vitamin A and the Global Deficiency Problem 

 

The large range 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 system (13), and is 

often diagnosed by measurements of low serum retinol concentrations <0.7 ɛmol/L (13, 

14).  Vitamin A deficiency is a global health problem which can increase rates of 

childhood mortality (15) and which is one of the most preventable causes of childhood 

blindness, especially in developing nations (13).  From a 1995-2005 report the World 

Health Organization reports that vitamin A deficiency is a moderate or severe public 
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health problem affecting 10-20% of preschool age children in each of 122 countries (13).  

In Africa alone, some 44% of preschool age children, or 56.4 million children, are 

vitamin A deficient as diagnosed by low serum retinol (13).   

While severe or recurrent infections often contribute to vitamin A deficiency (3, 

16), the leading cause is inadequate intakes of vitamin A (13).  The recommended dietary 

intake (RDA) for human adult males is 900 ɛg of retinol/day, 700 ɛg/day for adult 

females, and somewhat lower for children (1).  However, because vitamin A is stored in 

fat deposits in the liver, the simple act of supplementation can often have important and 

long-term benefits (15). 

Several reports have shown that supplementation to vitamin A deficient infants 

can reduce mortality rates by 23%, measles fatality rates by more than 50% (15), and 

diarrheal disease mortality by 23% (14).  Therefore, in an effort to increase vitamin A 

intakes, supplementation and fortification programs are currently being implemented 

around the world where vitamin A deficiency still remains a public health problem (13).  

High dose vitamin A supplements (200,000 IU) which are supported and recommended 

by the World Health Organization (WHO) and United Nations International Childrenôs 

Fund (UNICEF), are given during immunization programs to lactating mothers and 

infants in an attempt to reach the most children among at-risk populations (15).   

While administration of supplements at the time of immunization is a convenient 

way to provide two health-promoting 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 vitamin A supplementation to normal levels resulted in 

higher tetanus-specific IgG than vitamin A deficient children (17).  In another study, 
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vitamin A supplementation given with the pentavalent ñdiphtheria-polio-tetanus-

Haemophilus influenza b-hepatitis Bò vaccine slightly enhanced the immune response to 

hepatitis B, however there was no effect on Haemophilus influenza immune response 

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

immunization had no effect on antibody levels in infants (19), they failed to look at the 

memory response and only looked at antibody response in circulating blood 12-13 weeks 

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

have already passed (20).  Overall there seems to be some controversy on the benefits of 

vitamin A on enhanced immune response to vaccination.  It seems 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 during vaccination. 

 

Vitamin A and Immune Function 

Originally discovered in the early 1900s as the ñanti-infectiveò vitamin, vitamin A 

has since been shown to regulate many functions of the immune response, both in terms 

of innate and adaptive immunity (3).  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 

number (21).  In terms of adaptive immune response, RA has many effects on both T and 
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B cells and their subsequent functions following activation.  Although high 

concentrations of RA may have antiproliferative effects on T cells, lower concentrations 

may enhance T cell activation (22).  Furthermore, vitamin A status can alter the balance 

of Th1/Th2 immune responses (3, 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 differentiation, 

RA promotes the differentiation of many immune cells including neutrophils, 

macrophages, and B cells (3, 25).   Vitamin A has also been shown to be necessary for 

optimal antibody responses to both protein and T cell independent (TI) type II antigens 

(21, 26).  As mentioned above, vitamin A effects on antibody production may be another 

important reason why supplementation at the time of immunization 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 response 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. 
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Development and Activation of B cells 

 Following birth, B cell generation from pluripotent hematopoietic stem cells takes 

place in the bone marrow of long bones (20, 26, 27).  After a series of specific 

checkpoints in its development, each naïve B cell is released from the bone marrow.  At 

this point the B cell is antigenically committed through its antigen-specific BCR (surface 

bound immunoglobulin) although it has not yet encountered antigen (20).  The 

importance of an antigen-specific 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, internalize, and process antigen for presentation to other 

immune cells as well as secrete cytokines to aid in T cell activation (20).   

Upon BCR recognition of and binding to free or membrane-bound antigen, the 

antigen is internalized through receptor-mediated endocytosis.  Some processed antigen 

may then be bound to MHC class II molecules, and the whole complex is transported to 

the B cell surface, where it may be presented to T cells.   These B cells will then migrate 

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 response (20, 26, 28).   

Within the stromal cell network of the secondary lymphoid organ, 3-4 antigen-

stimulated B cells will enter a primary follicle which, over the next 3 days, will develop 

into a germinal center with clearly defined light and dark zones (28).  The dark zones of 

the germinal center are comprised of rapidly proliferating B cells while the light zones 

contain antigen-expressing follicular dendritic cells and CD4
+
 Th cells which together 

provide the positive and negative selection signals for the newly forming B cells (28, 29). 
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Several processes occur within the germinal center to ensure that the antibody 

responses of the newly formed 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 proliferation (27).  Another process that occurs within the 

germinal center microenvironment is class-switch recombination.  During the 

development of B cells IgM is the first class of immunoglobulin to be expressed on the 

surface, followed shortly thereafter by IgD (27).  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 environment (30).  Somatic 

hypermutation is a process that occurs during the centroblast stage of B cell maturation in 

the germinal center and results in single-base nucleotide mutations in the 

complementarity determining region (CDR) of the variable region of immunoglobulin 

genes (27, 28).  This process, along with positive and negative selection signals 

(discussed below) from the antigen-loaded follicular dendritic cells and Th cells ensures 

that the B cells exiting the germinal center will produce high affinity antibodies against 

the antigen that first stimulated the immune response (27, 28, 31).   

Part of the selection process that 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 Bcl-2 protein (31) (an anti-apoptotic protein) but 

high levels of Fas/CD95 (27) (a death-inducing ligand and receptor).  Therefore these 

proliferating B cells seem predisposed to death unless they are rescued by strong survival 

signals such as those delivered by antigen binding or Th cell costimulation (27, 29).  

Furthermore, due to the large number of B cells in the germinal center, it is suggested that 
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competition exists between B cells for antigen binding and T cell-mediated costimulation 

(27, 28) (discussed below).  In this way, low affinity and autoreactive B cells will fail to 

receive the necessary survival signals and will either 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 plasma cells or memory 

cells.  Plasma cells are normally short lived cells which secrete large quantities of 

antigen-specific antibodies, though a small population of long-lived plasma cells will 

survive and reside in the bone marrow (26).  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 phagocytosis (20).  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 response (20).  While antibody-secreting 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 presenting cells shown by their expression of antigen 

processing machinery including MHC class II as well as their ability to activate Th cells 

in vivo (Mcheyzer Williams, unpublished data). 

Memory B cells are long-lived cells which already express high-affinity, class-

switched immunoglobulin and therefore have the ability to respond quickly to a second 

encounter with specific antigen (26, 28, 30).  When they encounter their antigen they 

quickly proliferate and differentiate into antibody-secreting plasma cells while 
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replenishing the memory B cell pool (26, 27).  The rapid kinetics of their response is due 

to several other factors besides their high-affinity class-switched immunoglobulin.  First 

there are greater numbers of memory B cells that can respond to a given antigen than 

naïve B cells that can respond to a given antigen (30).  Second, their residence in 

secondary lymphoid organs is generally at sites of antigen drainage where they have an 

increased chance of encountering antigen (30).  Third, memory B cells express CD80 and 

CD86 constitutively (30).   Fourth, memory B cells express high levels of Bcl-2 protein 

which may allow them to survive longer in vivo (30).  Finally, the cytoplasmic domain of 

class-switched immunoglobulin may be able to induce heightened signaling compared to 

IgD (30) which is present on naïve B cells but no longer present on memory B cells (27, 

30).   

 

Costimulation Events 

In order to safeguard against mounting immune responses to self-antigen, co-

stimulation events from T cell-B cell interactions are often necessary to deliver a second 

signal for complete activation of both cell types.  The importance 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 apoptosis (27).  

Although the classical model of T cell-dependent B cell activation is based on a 

two-signal model involving antigen binding to the BCR as well as costimulatory events, 

other ñsignalsò have been shown to either activate B cells on their own or enhance/alter B 

cell activation stimulated by some other means (32).  Cytokines secreted by activated Th 

cells, as well as Toll-like receptor ligands have important roles in B cell activation (32).  
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In addition, the effects of RA on differentiation and immune response potentiation may 

suggest that RA, when present in sufficient concentrations, can permanently alter 

immune cell fate similar to the other important ñsignalsò (32).  

The first classical signal for activation of B cells is produced by antigen-binding 

and cross-linking of the BCRs.  This cross-linking leads to receptor-mediated endocytosis 

of the bound antigen and signal transduction from the BCR, regulated in part by co-

receptor molecules such as the CD19/CD21 complex (27).  As mentioned above, B cells 

then process and express some antigen in association with MHC class II on their cell 

surface.  In addition, the BCR stimulation leads to the upregulation of B cell 

costimulatory molecules CD80 and CD86(33) which are normally expressed in low 

amounts on naïve B cells (34).  Although the first signal of antigen recognition can 

increase B cell survival signals, some studies suggest that this effect is short lived unless 

the B cells encounter further T cell help (31).   

The changes induced on B cells after receiving the first signal for activation make 

B cells capable of then interacting with CD4
+
 Th cells.  This interaction occurs through 

binding of antigen-loaded MHC class II on the B cell to the T cellôs antigen-specific T 

cell receptor (TCR) (1
st
 T cell activation signal) as well as binding CD80 and or 86 with 

the T cellôs CD28 (2
nd

 T cell activation signal) (35).  Once the T cell has received both 

signals, it proliferates, increases cytokine secretion, and upregulates CD40L expression 

(35).  CD40L then interacts with CD40 on B cells to deliver the second signal for B cell 

activation (20).  B cells then proliferate and up-regulate receptors such as IL-4 receptor 

which can bind IL-4 secreted by activated T cells (20).  
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The signaling pathways induced by BCR, CD86, and CD40 stimulation are 

complex and each one generally involves several different signaling cascades.  The 

proposed signaling pathways are based on studies that measure phosphorylation events 

after receptor stimulation.  BCR cross-linking through anti-IgM (anti-ɛ) antibodies has 

been shown to activate phospholipase C (PLC) and mitogen-activated protein kinase 

(MAPK), increase cytoplasmic Ca
2+

 levels, and induce transcription of c-fos and c-myc 

(36).  Although other cell systems suggest that MAPK activation can be achieved through 

two different signaling pathways, Raf-1 or MAPK/ERK kinase (MEK) (36).  Tordai et. 

al. showed that Raf-1 kinase is responsible for the signaling events downstream of IgM 

that lead to p42 MAPK activation (36).  Their proposed 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 pathways that converge on nuclear factor əB (NF-əB) activation and 

p50 and p65 nuclear localization (34).  One pathway involves PI3K/Akt signaling while 

the other involves PLCɔ2/PKCŬɓ signaling (34).  Both pathways then increase Oct-2 

mRNA and protein expression as well as IgG1 mRNA and protein levels (34). 

CD40 is present and can actively signal throughout most of the life of a B cell 

(37), but its cytoplasmic tail contains 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 TRAF-indpendent signal transduction as well as Janus kinase 
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3(JAK3)/signal transducer and activator of transcription 5 (STAT5)-mediated signaling 

(29).  CD40 ligation is thought to initiate CD40 clustering at the cell surface and TRAF 

recruitment leading to NF-əB, MAPK, PI3K, and PLC pathway activation downstream of 

CD40 (29, 39). 

 

Costimulatory Molecules 

Both CD80/86 and CD40 costimulatory molecules have been shown to impact 

antibody production, germinal center formation, and class-switching.  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 antigen (40).   

While some similarities have been shown between CD86 and CD40, they also have 

unique roles (40) as described below. 

 

The Role of CD80/86 

The B-7 molecules CD80 (B-7.1) and CD86 (B-7.2) have both unique and 

overlapping roles in 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 activation as binding induces T cell cytokine production, 

stabilizes mRNA, increases glucose uptake and utilization, prevents anergy, and provides 

a survival signal to T cells (35).  Interestingly, the general lack of CD80/86 costimulatory 

molecules on many types of tumor cells may explain why T cells seem to develop a 

tolerance or anergy in the microenvironment of tumors (35).   
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CD28 is constitutively expressed on T cells while its homologue, CTLA-4, is 

induced about 2-3 days after T cell activation and binds CD80/86 with more than 10 

times the affinity as CD28 (35).  In general it is believed that CD28 is the positive 

regulator of T cell activation while CTLA-4, induced is the negative regulator and has 

more suppressive effects on the immune response (34, 35).  . 

Although CD80 and CD86 are generally thought of as T cell activators, their 

effects have been found to influence B cell function as well.   Mice deficient in both 

CD80 and CD86 had 3-5 fold reduced basal serum levels of IgG2a and 5-10 fold reduced 

IgG1 (41).  Similarly, Borriello found that B-7 knockout (KO) mice had a 99% reduction 

in antigen-specific IgG1 and IgG2a responses and 70-90% reductions in IgM responses 

following immunization, irrespective of the site of immunization used or in the presence 

of Complete Freundôs adjuvant (CFA) (41).  Upon further investigation it was found that 

CD86 had a greater role than CD80 in immunoglobulin production, class switching, and 

antibody secreting cells (41).  The kinetics 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 activation (34).  Studies also show that the two 

molecules have some overlapping roles in immunity such as the ability of CD80 to 

compensate for antibody responses in the absence of CD86 (41). 

CD86, but not CD80, is indispensable for germinal center formation in the spleen 

since CD86 KO mice fail to generate germinal centers upon immunization (41).  Another 

study on CD86 KO mice suggests that CD86 expression on dendritic cells, another 

professional antigen presenting cells, could promote its survival in vivo (42).  Since 

CD86 intracellular signaling involves two separate pathways, PI3K/Akt and 
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PLCɔ2/PKCŬɓ which both converge on NF-əB activation in B cells, it is possible that 

CD86 stimulation increases survival of B cells as well (34).  While stimulation of CD86 

has been shown to enhance immune responses, Lumsden et.al. showed that autonomous 

CD80/86 signaling is not required for B cell activation, antibody production, isotype 

switching, or memory B cell responses, as long as other local CD80/86 expressing cell 

types were present to provide activation signals to Th cells (40). 

Resting B cells express low levels of CD86 but its expression is quickly up-

regulated upon BCR stimulation (33).  While an increase in the percentage of B cells 

expressing CD86 would most likely increase the likelihood of T cell-B cell interactions 

that would eventually lead to B cell responses, the level of CD86 per cell also seems 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 cells (22). 

 

The Role of CD40 

 CD40 is a membrane-bound molecule from the TNF-receptor superfamily and is 

expressed constitutively on the surface of dendritic cells and B cells (35), although CD40
-
 

plasma cells have been reported (39).  Its expression on B cells is thought to occur even 

before immunoglobulin heavy chain rearrangement (43) and it has the capacity to signal 

throughout the life of the B cell starting from the early pro-B 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 response (29) 
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Activated T cells but not resting T cells express CD40L (CD154), a 39 kDa 

membrane-bound protein which interacts with CD40 on APCs to deliver the second 

signal for optimal APC activation (44) and upregulation of CD80/86 (35, 39).  On the 

other hand, germinal center B cells which fail to encounter T cell help will die by 

apoptosis (27). 

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 cycle (45).  

In vitro studies have shown that anti-CD40 stimulation of IgM
-
 activated germinal center 

B cells but not resting B cells increased tyrosine phosphorylation events downstream of 

the CD40 receptor (37).  Similarly, Galli found that anti-CD40 induced proliferation of B 

cells was confined mostly to the memory B cell subset (46).  On the other hand, Chen 

found that anti-CD40 stimulation alone could increase splenic B cell proliferation (25) 

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 cells (39).  Chen further 

reported that anti-CD40 + anti-ɛ stimulation of B cells promoted synergistic B cell 

proliferation in vitro cultures while anti-CD40 + IL-4 treatment of splenic B cells 

synergistically increased expression of ɔ-1 germline-transcript (GLT) which is necessary 

for class-switching (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 cell stimulation through BCR cross-linking 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 

cell autonomous expression of CD40 is indispensable for IgG1 antigen-specific responses 

in vivo (40).  This may be due to the fact that CD40-stimulated activation of B cells is 

necessary for class switching (38, 39).   CD40 signaling is also important for some TI 

antigen induced IgG antibody responses (47, 48).  Interestingly, this same group 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 to classify groups of antigens as either T-cell 

dependent (TD) or TI it is clear that the distinction is not black and white.  In general, TD 

antigens are proteins or peptides while TI antigens often are larger molecules with 

repeating epitopes and may resemble lipopolysaccharides (TI type I antigen) or 

polysaccharides (TI type II antigen) (49).  The definitions are further complicated by the 

fact that TI antigens can induce antibody responses independent of T cell help, but in 

some instances T cells or T cell cytokine signaling is beneficial to regulate the response 

in a non-classical manner (49).  The main characteristic of a TI antigen is that it does not 

bind MHC class II molecules and is not recognized by the TCR (49).  In some instances, 

TI type I antigens rely on receptors of innate immunity such as the Toll-like receptors 

(20).  They also typically induce limited class switching, affinity maturation, and memory 

responses, and unlike TD responses, are polyclonal activators (20).  TI type II antigens 

may induce an antibody response in the absence of T cells by activating NK cells or other 
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cells which can augment antibody production (49).  As a generalization, TI antigens 

mainly induce IgM, IgG2b, and/or IgG3 antibody responses while IgG1 and IgG2a are 

more indicative of TD responses (49, 50).   New research now suggests that most TD 

antibody responses may in fact have phases that are TI, such as initial low-affinity IgM 

responses directly following B cell stimulation by antigen (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. 

                   

Effects of Retinoic Acid on B cells 

RA is responsible for most of the effects of vitamin A on the immune system (26).  

It has been shown to have numerous effects on B cells including effects on antibody 

response, proliferation, and differentiation.   

Vitamin A has been shown to be necessary for optimal antibody responses to both 

protein and TI type II antigens but not for TI type I antigens, such as LPS (21, 26).  In 

addition, RA has been shown to enhance antibody production to certain protein antigens 

((51, 52) and reviewed in (32)).  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 mechanism of this increased antibody response in order to better harness the 

antibody-enhancing 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.   



 

20 

 

Several studies have shown that RA has both anti-proliferative and anti-apoptotic 

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 

anti-ɛ (25) or anti-CD40 (25, 53) induced proliferation of B cells, it did not decrease IL-4 

induced proliferation, suggesting a differential effect of RA on different pathways leading 

to proliferation (25).   

Furthermore, several studies support the idea that RA can increase subsets of B 

cells which are in either a more activated or differentiated state (26).   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 can increase a population of cells that express characteristics of a 

more differentiated state (25).  In another study, atRA increased an activated B cell 

population (CD19
+
IgM 

+
CD25

+
) following LPS stimulation in children (54).  Ertesvag et. 

al. showed that RA could enhance proliferation induced by CpG-stimulation of CD27
+
 

memory B cells (55).  In the same paper, the activation of p38MAPK led to increased IL-

10, cyclin D3, and IgG secretion indicating proliferation and differentiation of the B cells 

into antibody-secreting plasma cells (55).  Another study suggests that atRA accelerates 

the differentiation of B cells into IgD
-
 antibody-secreting plasma cells (53).  RA has also 

been shown to increase activation-induced cytidine deaminase (AID) gene expression in 

B cells after 5 days of culture (25).  Since AID is an enzyme specifically expressed in 

germinal center B cells and is necessary for somatic hypermutation (28) this effect of RA 

may be additional evidence that RA can accelerate B cell differentiation.  Since 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 responses sometimes seen 

with RA supplementation at the time of vaccination.   

Vitamin A may affect antibody responses in a cytokine dependent manner 

through its effect of promoting Th2 differentiation.  It has been shown that vitamin A 

deficiency leads to increased Th1 cytokines which can then directly alter the Th1/Th2 cell 

balance (3, 24, 26).  However, studies show that vitamin A can promote Th2 cell 

proliferation and differentiation through direct or indirect regulation of Th1/Th2 

cytokines(26) such as the down-regulation of IFN-ɔ secretion from Th1 cells (23).  

Further studies have shown that atRA can increase IL-4 secretion by increasing the 

number of IL-4 secreting Th2 cells when co-cultured with cytokines which promote Th2 

commitment (56).  IL-4 and other Th2 cytokines such as IL-5, IL-6, and IL-10 inhibit Th1 

cell development.  Therefore increased IL-4 should continue promoting Th2 

differentiation, which has been shown to promote class-switch recombination that leads 

to IgG1 production (20).  Furthermore, IL-4 stimulation of B cells may act as a survival 

signal as it saves them from apoptosis (57).  Thus, RA may affect B cell survival through 

the regulation of cytokines which promote Th2 differentiation and promote B cell 

function and antibody response. 

 

NKT Cell and Ŭ-GalCer Effects on Immune Function 

NKT cells are a type of lymphocyte that express 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 only recognize antigen presented by 

CD1d.   

CD1d is a surface bound molecule that resembles MHC class I in structure, but is 

more like an MHC class II antigen presenting molecule in function (58, 59).  In mice 

there are two highly homologous CD1 genes (CD1D1 and CD1D2) (60, 61).  CD1d is 

constitutively expressed on APCs (62) and recognizes and binds glycolipid or 

glycoprotein antigens and presents them to NKT cells (58, 62, 63).  NKT cells have a 

broad range of immune functions ranging from effects on cancer and infection to allergy 

and allograft rejection (64)which they mediate through cytokine secretion and activation 

of other cell types (64).   While these functions sound promising from a clinical 

standpoint, NKT cells represent only a small portion of lymphocytes (0.001%-3% of 

blood lymphocytes) (59, 64), and NKT cell numbers are different for each individual (62, 

64). 

Although there are different types of NKT cells, all types recognize lipid antigens 

and all are CD1d restricted (64).  Type II NKT cells express TCRs that recognize a 

broader range of lipid molecules including some hydrophobic and non-lipid aromatic 

compounds as well (64).  Type I NKT cells, or invariant NKT (iNKT) cells have the 

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.  They are called invariant NKT cells because they express a semi-

invariant TCR generally consisting of VŬ14JŬ18 and either Vɓ8.2,Vɓ7, or Vɓ2 in mice 

while humans express VŬ24JŬ18 and Vɓ11 (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 subsets of iNKT cells are capable of secreting cytokines including 

IL-4 (62, 62, 62, 64), IFN-ɔ (62, 64-66), and IL-2 (62, 65), IL-5, IL-10, IL-13, TNF-Ŭ, 

among others and can activate a number of different cell types such as DC, NK, B, and T 

cells (62, 67).  One study showed that in vivo administration of Ŭ-GalCer indirectly 

activated NK cells, increased the number and frequency of NK cells, increased the size of 

NK cells, and increased NK cell-mediated lysis (68).  Another study showed that CD4
+
 

iNKT cells could induce naïve and memory B cell proliferation in a CD1d restricted 

manner even in the absence of exogenously added antigen (46).  This result may suggest 

that CD1d is normally associated with some endogenous antigen (46).   

Although researchers are still searching for the natural or endogenous ligand of 

CD1d, the best ligand they have found thus far is Ŭ-GalCer, a glycosphingolipid 

originally taken from the marine sponge Agelas mauritianus (64).  While some CD1d 

ligands can bind directly to surface-bound CD1d, Ŭ-GalCer traffics to the late 

endolysosomal compartments, displaces self-lipid bound to CD1d, and the complex is 

then transported to the surface membrane in association with lipid rafts (63).  The polar 

moiety of Ŭ-GalCer is the part of the molecule which is recognized 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 glycosyl ceramides show varying levels of iNKT cell activation and 

some ligands have been found on bacteria such as Sphingomonas (64, 69). 

The compound Ŭ-GalCer binds with high affinity to CD1d and is a potent 

activator of iNKT cells (46).  In addition, Ŭ-GalCer has been shown to increase primary 

and secondary antibody response to T cell dependent antigens (70).  Furthermore, Ŭ-
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GalCer given with co-administration of a T cell dependent antigen was able to maintain a 

high level of antigen-specific antibody-secreting plasma cells as late as 9 weeks after the 

immunization boost (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 NKT cells on CD1d expression during positive and negative 

selection in the thymus, CD1d knock out (KO) animals lack both type I and type II NKT 

cells (64).  On the other hand JŬ18
 -/-

 mice specifically lack iNKT cells (64).   

Another function of iNKT cells is to jump-start the expansion of antigen specific 

immune responses by providing CD40L help for DC and B cell activation during 

inflammatory responses (63).  They have been shown to specifically increase B cell 

antibody production and isotype class-switching in the absence of classical T cell help 

(65).  For example, iNKT cells can induce IgG and IgM responses from B cells upon 

addition of the CD1d antigen Ŭ-GalCer to the culture (46).  In addition, CD4
+ 
iNKT cells, 

which represent about half of the total iNKT cell population (59), are more efficient at 

inducing IgG and IgM responses as compared to CD4
-
CD8

-
 double negative iNKT cells 

(46).  Coupling an immunization antigen to Ŭ-GalCer has been shown to increase B cell 

activation, proliferation, and antibody responses above either agent alone or the 

combination of their soluble forms (65).  This effect on B cells may be due in part to Ŭ-

GalCer-specific B cells. 

The Ŭ-gal epitope is commonly incorporated into endogenous glycolipids and 

glycoproteins in non-primate mammals (71).  This specific epitope isnôt produced by 

humans, but all humans are reactive to it and produce natural anti-Gal antibodies (IgG, 
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IgA, IgM) against it (71).  In fact, at about 1% of circulating IgG it is the most abundant 

antigen-specific antibody present in the body (71), exceeding anti-blood group A and B 

antibodies by about four fold (72).  Conjugating Ŭ-gal epitopes to human vaccine 

antigens can increase the effectiveness of the vaccine by specifically targeting the vaccine 

conjugate to APCs by way of anti-Gal B cells (1% of circulating B cells) (71, 72). 

Scientists believe that the CD1d-dependent activation of NKT cells depends on a 

glycosylceramide antigen with Ŭ-anomericity such as Ŭ-GalCer (69).  However, no 

glycosylceramide antigen with Ŭ-anomericity has been discovered in humans (69).   Since 

ɓ-anomeric glycosphingolipids are naturally occurring in mammalian cell membranes, 

they have been suggested to be the endogenous ligand for CD1d (69). 

While stimulating the immune response is generally beneficial during infection, 

stimulating the immune response during an autoimmune response may increase the 

severity of the disease.  One study found that ɓ-galactosylceramide (ɓ-GalCer) might be a 

suitable treatment for autoimmune diseases such as lupus, a Th2-mediated autoimmune 

disorder (66).  It was discovered that ɓ-GalCer decreased the percent of detectable NKT 

cells, while also reducing the severity of lupus (66).  Another study found that ɓ-GalCer 

similarly reduced NKT cell number and, unlike Ŭ-GalCer, did not activate NK cells (68).  

Repeated administration of Ŭ-GalCer in vivo shifts the Th1/Th2 balance towards Th2 

cytokine production so Ŭ-GalCer might be a more suitable treatment for Th1-mediated 

autoimmune disorders (69). 

In summary, RA and Ŭ-GalCer have been shown to have diverse stimulating 

effects on the immune system.  They have both been shown to promote Th2 

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 affect B cell 

differentiation either directly (RA) or indirectly through iNKT cell activation (Ŭ-GalCer).  

The current study was designed to determine if RA and Ŭ-GalCer could regulate 

immunity by targeting costimulatory and accessory molecules on the surface of the B 

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 retinoic acid on the 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 antibody-secreting plasma cells is the most 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 B cell differentiation.   

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 during T-B 

cell interactions in the germinal centers of secondary lymphoid organs.  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, antibody responses.  Studying 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 of antigen 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 give valuable insight into the consequences of similar 

changes in vivo. 

 The synthetic lipid antigen, Ŭ-GalCer, has also been shown to increase antibody 

responses to TT antigen immunizations and promote B cell differentiation through its 

effects on iNKT cells.  It is well-known that Ŭ-GalCer binds to the MHC-class I-like 

molecule CD1d on antigen presenting cells wherefore it can strongly induce activation of 

invariant natural killer T (iNKT) cells, which can then influence Th1/Th2 responses 

through production and secretion of a variety of cytokines.  What is unknown is whether 

the effects of Ŭ-GalCer are dependent on CD1d or whether this antigen can exert its 

effects on B cell immune responses independent of CD1d.   

 iNKT cells are important type I NKT cells which 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 to immunizations, Ŭ-GalCer is 

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 on the immune system and will allow 

us to make better use of its properties in the future. 
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Aims and Hypotheses 

Question 1:  Can RA and Ŭ-GalCer regulate B cell activation and differentiation through 

targeting costimulatory molecule expression on B cells? 

Hypothesis 1:  RA and Ŭ-GalCer treatments will increase costimulatory molecule 

expression on B cells.   

Aim 1:  To measure, by flow cytometry, the expression changes in costimulatory 

molecules induced by in vitro treatments of RA and Ŭ-GalCer treatment. 

 

Question 2:  Are the effects of Ŭ-GalCer on increased antibody response dependent on 

CD1d?   

Hypothesis 2:  The effects of Ŭ-GalCer on increased antibody response are dependent on 

CD1d. 

Aim 2:  To quantify the differences in antibody response in wild-type (WT) and CD1d 

knock-out mice to tetanus toxoid immunization and Ŭ-GalCer adjuvant. 

 

 

 

 

 

 

 

 

 



 

30 

 

Chapter 3 

Methods and Materials 

Mice 

Female, adult BALB/c mice (8-12 weeks old) were purchased from Charles River 

Laboratories (Willmington, MA) and were used in most in vitro studies.  Twenty, female, 

Balb/c (WT) mice and twelve, female, Balb/c129S2-cd1tm1Gru/J mice (CD1d KO) were 

obtained from The Jackson Laboratory (Bar Harbor, Maine) for use in the in vivo study.  

All animals were housed in polystyrene cages at 70 ̄F on a twelve-hour light/dark cycle.  

Mice were cared for by The Pennsylvania State Universityôs Animal Resources group 

and were provided a standard rodent chow (Lab Diet 5001) and water ad libitum.  All 

procedures were in compliance with The Pennsylvania State Universityôs Institutional 

Animal Care and Use Committee. 

 

B cell enrichment  

Using aseptic technique, spleens were collected from euthanized mice and homogenized 

over wire mesh to create a single-cell suspension in sterile DPBS.  The spleen cells were 

then enriched for naïve B cells by removing CD4
+
, CD8

+
, CD11b

+
, CD43

+
, CD49b

+
, Ly-

6G(Gr-1)
 +
, and TER119

+
 cells using the EasySepÑ Mouse B cell Enrichment Kit 

(StemCell Technologies, Vancouver, Canada) according to its protocol but with slight 

increases in the timed incubation steps to increase purity.  A small portion of pre-

enrichment and post-enrichment cells were set aside for later use in determining 

enrichment efficacy.  Since red blood cells were still present in the pre-enrichment 

sample, these cells were lysed with 0.5 mL of ddH2O for 20 seconds followed by dilution 
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in 14.5 mL of DPBS.  The purity of the enriched B cells (CD19
+
) was >84.4% at time of 

isolation, but >91.6% after 24 hours of culture and >93% after 96 hours of culture. 

 

In vitro B cell culture  

Enriched B cells were counted using a Bright-Line hemacytometer (Hausser Scientific, 

Horsham, PA) to determine B cell yield and density.  Cells were then plated in 12, 24, or 

48 well Falcon Tissue Culture Plates (Becton Dickinson, NJ) at a density of > 1x10
6
/well 

in 1X RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% heat 

inactivated fetal bovine serum (FBS), 100 U/ml penicillin and 100 ɛg/ml streptomycin, 

and ɓ-mercaptoethanol (5x10
ī5

 M ) (Invitrogen, Carlsbad, CA).  Treatment combinations 

were then applied (see below and appendix A), in duplicates or triplicates, to the enriched 

B cells and incubated at 37 ̄C with 5% CO2/95% air in a water-jacketed incubator 

(Forma Scientific) for 11, 24, 48, 72, and/or 96 hours (see appendix B). 

 

In vitro treatments  

A concentrated stock of all-trans-retinoic acid (Sigma, St. Louis, MO) in ethanol was 

diluted in culture medium immediately preceding its application to cells.  The final 

concentration of RA in RA-treated wells was 20 nM, a dose considered within the 

physiological range.  a-galactosylceramide KRN 7000 (Alexis Biochemicals) was 

reconstituted as a concentrated stock in DPBS and diluted in culture medium prior to its 

application to cells.  The final concentration of a-GalCer in a-GalCer-treated wells was 

100 nM.  b-galactosylceramide (Sigma, St. Louis, MO) was similarly added to wells to 

attain a final dilution of 100 nM/well.  To stimulate BCRs, anti-m-AffiniPure F(abô)2 
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Fragment cat#115-006-075 (Jackson ImmunoResearch Laboratories, Inc., West Grove, 

PA) was added to appropriate culture wells at 1 mg/mL.  Purified anti-CD40 (3/23)(BD 

Pharmingen, San Diego, CA) was added to specified culture wells at a final concentration 

of 0.5 mg/ml.  Recombinant IL-4 was added to specified culture wells at a final 

concentration of 1ng/mL. 

 

Flow Cytometry Preparation and Analysis 

At appropriate times, cells were harvested from each well and separated equally into 2-3 

groups for fluorocrhome-labeled antibody staining, thus each well received multiple 

staining combinations.  Cells were stained with approximately 0.1 mg of 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 

stains per group.  Group 1 staining included anti-CD40, anti-CD86, anti-IgD, and anti-

CD19.  Group 2 staining included anti-IgG, anti-IgM, and anti-CD19.  Group 3 staining 

included anti-CD1d and anti-CD19.  Group 4 staining included anti-IgG, anti-I-A
b
, and 

anti-CD19.  Group 5 staining included anti-CD86, anti-CD80, and anti-CD19.  Pre- and 

post-enrichment cells were stained with anti-B220, anti-NK1.1, anti-CD3, anti-CD19, 

anti-CD86, anti-CD40, anti-CD11c, and anti-CD1d (see Appendix C for more details).  

Cells were stained in the dark at 4 C̄ or at room temperature for 60 minutes and then 

washed once in wash 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 flow cytometry analysis. 
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Stained samples were analyzed using the FC500 flow cytometer (Serial Number 

AK16127, Beckman-Coulter, Brea, CA) and analyzed by FlowJo software version 8.8.6 

(Treestar, Inc., Ashland, OR) and Prism version 5.0b (GraphPad Software, La Jolla, CA).  

A non-stained sample of cells, pooled from all treatment and control samples, was used to 

set up live gates and separate positive-staining from background staining for each 

individual antibody.  Background levels were set to 0.5% of cells for each FL gate on the 

non-stained sample of cells.  Isotype-matched single stained cells were used to 

compensate in multiple-stain experiments.  Compensation was performed until X-median 

or Y-median fluorescence values of the positive staining cells were within 0.1 of the non-

staining cells.  Cytometer voltage settings were generally the same except for slight day-

to-day modifications to ensure the fluorescence of the non-stained sample fell within 

background levels.   

 

Cell Numbers and Viability 

After re-suspending cells in culture plates, 10 ɛl was removed from each well for cell 

number and viability counting.  One sample at a time, trypan blue was added to cells and 

pipetted onto a Bright-Line hemacytometer (Hausser Scientific, Horsham, PA).  Under 

100X magnification cells were counted in two diagonal 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 averaged to determine the average number of live and dead 

cells per treatment. 
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Secreted Ig Collection and Analysis 

Appropriate treatments were added to wells containing ~1x10^6 cells/well.  Plates were 

cultured with cells for either 11 or 93 hours.  At the appropriate time, cells were 

resuspended in each well and the entire wellôs contents were transferred to a 0.5 mL tube.  

Tubes were centrifuged at 1600 rpm for 5 minutes at 4 °C.  Supernatants were carefully 

transferred to new 0.5 mL tubes and frozen at -80 °C until further use.  

 

ELISA  for IgG from Supernatants 

Secreted IgG from the treatment stimulated B cells was quantified using a sandwich 

ELISA.  Affinity purified goat anti-mouse immunoglobulin (Organon Teknika Corp., 

West Chester, PA) was used to coat 96 well NUNC Maxisorp plates (Apogent 

Technologies, Portsmouth NH) at a concentration of 20 ɛg/ml overnight at 4Á C in 0.15 

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

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

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

buffer was used to block plates against non-specific binding.  After 1 hour, supernatant 

samples were diluted in blocking buffer and added to plate wells.  Purified mouse IgG 

(Organon Teknika, West Chester, PA) was used as the standard.  Plates were stored 

overnight and washed in wash buffer once again.  Diluted Fc-specific alkaline-

phosphatase conjugated anti-mouse IgG (Sigma-Aldrich, St. Louis, MO) was used as the 

detection antibody.  After an hour incubation and another wash, Sigma 104 p-nitrophenyl 

phosphate disodium phosphatase substrate (Sigma-Aldrich, St. Louis, MO) was used to 

detect the antibody.  Plates were read at a reduction of 405-570 nm on 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 CD1d
-/-

 mice were separated into 

eight groups for immunization:  WT non-immunized control, WT TT control, WT 

TT+RA, WT TT+Ŭ-GalCer, WT TT+RA+Ŭ-GalCer, KO TT control, KO TT+Ŭ-GalCer, 

KO TT+RA+Ŭ-GalCer.  Mice were injected simultaneously (IM) with tetanus toxoid (10 

ɛg/mouse) and Ŭ-GalCer KRN 7000 (Alexis Biochemicals) (4 ɛg/mouse) on Day 0.  

Mice were also given an oral dose of either 37.5 ɛg/mouse RA in 10 ɛl or an equal 

volume of vehicle canola oil for a total of 7 consecutive days.  Serum was collected from 

the retro-orbital sinus on day 9 after the primary immunization, day 28 before the 

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

during the sacrifice on day 14 post-boost (see Figure 1 below). 
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Figure 1. In vivo experimental timeline of TT and Ŭ-GalCer injections, RA 

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

was given on day 28.  IM injection of Ŭ-GalCer was given once on day 0.  

Blood was collected from the retro-orbital sinus prior to TT immunization 

on the days indicated or through the vena cava on the day of sacrifice.  All 

animals were sacrificed on day 42.  

 

ELISA for Tetanus Specific Antibody 

Purified TT was diluted and plated on 96-well NUNC Maxisorp plates (Apogent 

Technologies, Portsmouth NH) at a concentration of 10 ɛg/ml overnight at 4Á C in 0.15 

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

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

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

buffer was used to block plates against non-specific 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 titers of TT-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.  Diluted Fc-specific alkaline-phosphatase 

conjugated anti-mouse IgG (Sigma-Aldrich, St. Louis, MO) was used as the detection 

antibody.  After an hour incubation and another wash, Sigma 104 p-nitrophenyl 

phosphate disodium phosphatase substrate (Sigma-Aldrich, St. Louis, MO) was used to 

detect the antibody.  Plates were read at a reduction of 405-570 nm on a SpectraMAX 

Plus spectrophotometer (Molecular Devices, Sunnyvale, CA).  Relative TT-specific 

antibody titers were calculated from the standard curve. 

 

Statistical Analysis 

Means, SEM, and P values were calculated using Prism software (version 5.0b).  

Columns were analyzed by one-way ANOVA with Tukeyôs post-test or students t test.  

Significance was determined for *P<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:  In vitro studies 

In vitro B cell viability after 96 hour culture 

 Cell viability was determined after 96 hours of in vitro B cell culture with various 

combinations of treatments either known to or expected to induce changes in 

costimulatory molecule expression (Figure 2).   
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Figure  2.  Cell counts at 96 hours post treatment for in-vitro time course.  

Cells were re-suspended at 96 hours and a portion were stained with 

trypan blue.  The dotted line represents the starting number of cells/well at 

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 one-way 

ANOVA and Tukeyôs post-test, P<0.05.  Ŭ-GalCer was shortened to Ŭ-GC 

for these figures.  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.  
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The RA+Ŭ-GalCer treatment preserved one of the highest levels of live cells, second only 

to anti-CD40+IL-4 treatment (Figure 2A).  These two treatment groups also had the least 

number of dead cells (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/well 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 

fluorochrome-labeled antibodies and fixed in a 1% paraformaldehyde solution to keep 

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 cells that had most 

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 cellular debris from 

analysis.  For example, the cells within the inner box in Figure 3A were the live-gated 

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 compensated, unstained 

sample.  Inside box shows live-gated 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 hi-gated 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 unstained sample and 

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

 

A ónegativeô or unstained sample was used to set up both the gate for live cells as 

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 fell roughly within 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 were considered 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 fluorochrome-labeled 
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antibody.  The unstained samples and the single-stained samples were made up 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 based on their 

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 marker.  To further 

analyze the effects of treatments on one or another of these subsets, they were separated 

into óhiô and óloô populations from the valley between the peaks as shown in the example 

in Figure 3B.  Some analysis was conducted on the total population, while other changes 

dealt specifically with one of these óhiô or óloô subsets.  

 

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, the trend for 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 X-axis represents fluorescence intensity of 

CD19 expression.  The Y-axis 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 where there 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 the other experiments.  
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Interestingly, any treatment containing Ŭ-GalCer delayed the switch from CD19hi to 

CD19lo and maintained a large population of CD19hi
 
cells.  At 96 hours post-treatment 

the Ŭ-GalCer treatment alone contained about twice the percent of CD19hi cells 

compared to the control as did the combination of RA+Ŭ-GalCer.  The anti-ɛ treatment 

showed an accelerated switch from CD19hi to CD19lo as compared to the control and 

RA had little effect on slowing the switch.  However, the triple treatment of anti-

ɛ+RA+Ŭ-GalCer delayed the CD19hi to CD19lo switch to a similar extent as Ŭ-GalCer 

alone. 

 Another pattern observed with CD19 expression was an increase in the mean 

fluorescence intensity of both the CD19hi and CD19lo populations from 24 to 96 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 hours.  The 

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 cultures from 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 four-day culture.  Since there were still two distinct 

populations within the CD19 positive-staining cells at 96 hours, hi and lo populations 

were gated the same as beforeðfrom 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 

matching 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 for three key treatment groups:  control, RA+Ŭ-GalCer, 

and anti-ɛ+RA+Ŭ-GalCer. 

 

 
 

Figure 6. Percent of cells staining IgD
+
 and/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 the black 

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 IgD
+
 decreased slightly with RA+Ŭ-GalCer treatment 

and further with the triple treatment, the changes in fluorescence intensity of IgD 

expression were easily seen between treatment groups.  The RA+Ŭ-GalCer treated B cells 

had a greater population of IgDhi staining cells at 96 hours as compared to the control or 

the triple treatment at the same time point.  Also worthy of note is that RA+Ŭ-GalCer 

treated cells formed at least two distinct populations of double positive IgD
+
CD86

+
 cells 

while the addition of anti-ɛ blurred the boundaries between these two distinct subsets of 

double positive 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 on live-gated 

cells at 96 hours.  A)  Relative percent of cells expressing IgD, 

control>RA+Ŭ-GalCer>anti-ɛ+RA+Ŭ-GalCer.   B)  Relative percent of 

cells expressing IgDhi.  C) Relative mean fluorescence intensity (MFI) of 

IgD.  D) Relative total IgD expression (percent of cells expressing 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 one-way ANOVA and Tukeyôs post-

test, **P<0.01, *** P<0.001. 
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Figure 7A quantifies what was seen previously in Figure 6ðboth RA+Ŭ-GalCer as well 

as antiɛ+RA+Ŭ-GalCer treatments 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 striking results. RA+Ŭ-GalCer treatment had 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 based 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 expressing IgD multiplied by the MFI.  This graph illustrates that cells from the 

RA+Ŭ-GalCer treatment had greater than 1.5 times the total IgD expression as compared 

to the control cells at 96 hours.   

 

Treatment effects on CD86 expression 

 Stimulation of B cells through cross-linking with anti-ɛ in the triple treatment 

resulted in almost 4 times the percent of CD86
+
 cells at 96 hours compared to control 

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

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

expression (percent of cells 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 one-way ANOVA and Tukeyôs post-test, 

*P<0.05, **P<0.01, *** P<0.001. 

 

 

Although it was not statically significant, RA+Ŭ-GalCer treated cells tended to also have 

a greater percent of cells expressing CD86 as compared to the control, but not to the 

extent of the triple treatment.  However, analysis of the total CD86 expression at 96 hours 

(Figure 8B) shows that RA+Ŭ-GalCer treated cells had significantly 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 CD86
+
 cells was whether or not the B cells were 

stimulated with anti-ɛ (Figure 9A).   
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Figure 9.  Percent of CD86
+
 cells in culture.  All data are plotted as mean 

± SEM and statistics were generated by one-way ANOVA and Tukeyôs 

post-test.  A) Treatment groups were combined into two groups based on 

whether or not they contained anti-ɛ stimulation.  The unstimulated B cell 

receptor (BCR) group consisted of:  control, RA, Ŭ-GalCer, RA+Ŭ-

GalCer, ɓ-GalCer.  The stimulated BCRs group consisted of:  anti-ɛ, anti-

ɛ+RA, anti-ɛ+Ŭ-GalCer, anti-ɛ+RA+Ŭ-GalCer.  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 for anti-ɛ 

stimulated BCRs between 24 and 96 hours. Representative of one 

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 

different from RA+Ŭ-GalCer treatment group for the same time point, 

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

 

 

When all treatment combinations with anti-ɛ were compared to all treatment 

combinations without anti-ɛ, the percent of CD86
+
 cells was significantly different at 

each time point.  Furthermore, the percent of CD86
+
 cells remained constant throughout 

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

percent of CD86
+
 cells from the anti-ɛ stimulated B cell receptors between 24 and 96 

hours, although 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 hours post-treatment to observe 

if changes in CD86 expression 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 the four-day experiment such that 

the percent of CD86
+
 cells did not significantly change from 11 to 96 hours for the same 

treatment.  Although the percent of CD86
+ 
B cells was significantly different between 

RA+Ŭ-GalCer 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 ósignal 1ô of activation signal to the B cells a new group of treatments were 

tested to determine if costimulatory signals (which deliver ósignal 2ô of activation) would 

also influence CD86 expression.  In this group of treatments anti-CD40 stimulation of 

cultured B cells had no effect on increasing the percent of cells expressing CD86 at 96 

hours post-treatment (Figure 10).   
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Figure 10.  Percent of CD86+ cells in the live-gated cells at 96 hours post-

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 one-way ANOVA and 

Tukeyôs post test.  Ŭ-GalCer was shortened to Ŭ-GC for these figures. 

 

 

However, the combination of anti-CD40+IL-4 resulted in dramatically increased CD86 

expression at 96 hours.  The triple treatment combined with anti-CD40 and IL-4 

minimally increased the percent of CD86 expressing cells above the triple treatment 

alone.  The RA+Ŭ-GalCer, triple treatment, and anti-CD40+IL-4 treatments alone or in 

combination result in dramatic increases (3-4x control) in the percent of CD86 expressing 

B cells at 96 hours. 
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Treatment effects on CD80 expression 

 Only one of the four-day experiments analyzed CD80 surface expression at 96 

hours.  In that experiment, the percent of CD80
+
 cells was about half the amount of the 

percent of CD86
+
 cells at 96 hours (Figure 11). 

 

 

Figure 11. Percent of CD80+ B cells in live-gated cells at 96 hours post 

treatment.  Bars represent means ± SEM from one experiment, (n=3).   

Different letters indicate statistically significant differences , P < 0.01.  

Statistics were generated by one-way ANOVA and Tukeyôs post-test.  Ŭ-

GalCer was shortened to Ŭ-GC for these figures. 

 

While RA+Ŭ-GalCer treatment had an impact on the increased percent of CD86
+
 cells it 

did not have a significant effect on the percent of CD80
+
 cells.  In fact, the only treatment 

combinations which significantly increased the percent of CD80
+
 cells were the treatment 


