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ABSTRACT 

Due to presumed immune immaturity, infants are able to accept heart transplants across 

the ABO barrier, a procedure that would result in catastrophic consequences if performed in 

adults. Our group has demonstrated that following ABO-incompatible heart transplantation 

(ABOi HTx), infants develop specific B cell tolerance to the A/B antigens of their new graft. (1) 

A precise understanding of ABO-immunobiology in this setting, including elucidating 

mechanisms of B cell tolerance to donor A/B antigens, is essential to efforts to expand ABOi 

HTx beyond the immature immune period and thus reduce organ transplant waitlists, as well as to 

explore human neonatal tolerance to non-ABO antigens. 

One of many potential mechanisms of B cell tolerance may involve the B cell surface 

molecule CD22. CD22 has been recognized as an inhibitory molecule of the B cell. (2-4) 

Interaction of CD22 with its ligand has been reported to play a role in down-regulation of B cell 

responses and subsequent B cell tolerance in vivo in animal studies. (2) In this thesis we began to 

investigate the role of CD22 in B cell tolerance in human infants. We examined expression levels 

of CD22 on human B cell subsets across the lifespan and found increased expression of CD22 on 

the splenic CD27+IgM+ B cell subset in infants. To further study the role of CD22 in B cell 

tolerance, we then developed a FACS protocol to isolate the CD27+IgM+ and CD27-IgM+ B cell 

subsets. Isolated B cells were then analyzed by ELISPOT to assess whether this fraction 

contained ABO antibody-secreting B cells (ASC), the cells presumably tolerized in the setting of 

infant ABOi HTx. Results indicated that the majority of the ABO ASC were derived from the 

CD27+IgM+ B cell subset from infant and adult samples. Lastly, we optimized a Phospho-specific 

flow cytometry assay using Ramos cells to measure B cell signaling upon engagement of the B 

cell receptor (BCR) and CD22. Future plans are to use this assay to investigate isolated primary B 
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cells of infants and older individuals and compare signaling profiles upon engagement of BCR 

and CD22. Understanding inhibitory signaling pathways in B cells from infants and those beyond 

infancy may allow us to manipulate the immune system and expand the timeframe in which 

ABOi HTx can be safely performed. 
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CHAPTER ONE:  INTRODUCTION 
 

1.1 Heart Transplantation in Infancy 
 

Heart transplantation (HTx) in infancy is a successful therapy for end-stage heart 

diseases, the most common indication for transplantation being congenital heart disease 

(CHD) (54%) followed by cardiomyopathies (41%). (5) CHD includes a spectrum of 

abnormalities in the structure of the heart or intra-thoracic great vessels, ranging from very 

mild to very severe. (6, 7) Cardiomyopathies are a group of diseases of the myocardium that 

are associated with the mechanical and/or electrical dysfunction of the heart. They are either 

confined to the heart or are part of generalized systemic disorders, often leading to 

cardiovascular death or progressive heart failure. (8) 

The first successful infant heart transplant was performed in 1985 by Dr. Leonard 

Bailey and colleagues. (9) According to the Sixteenth Official Pediatric Heart Transplant 

Report issued by the International Society of Heart and Lung Transplantation (ISHLT), there 

have been 11,000 reported transplants in children. (5) 

Infants, as defined in the study by Dipchand et al. (5) as  < 1 year in age, have better 

long-term transplant outcomes when compared to individuals of any other age group, with 

the longest median survival at 19.7 years old. For infant recipients surviving their first year 

post-transplant, their median conditional survival is >21 years. (5) However, donor organ 

shortages leading to long transplant waitlists, and the necessity for lifelong 

immunosuppression therapy associated with multiple side effects, remain major limitations to 

transplantation. 

 

1.2 ABO-incompatible Transplantation 
 

One possible solution to increase the number of organs available for transplantation is 

the use of organs from ABO-incompatible (ABOi) donors. ABO-incompatibility is generally 

considered an insurmountable immunological barrier for heart transplantation due to the 

presence of pre-formed circulating anti-A/B antibodies, which are known to initiate graft 

damage, as discussed below. (10) 
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1.2.1 ABO Blood Group System 
 

Karl Landsteiner discovered the A, B, and O blood groups in the early 1900’s. The A/B 

antigens are carbohydrate structures expressed on red blood cells, platelets and tissues of 

embryonic mesodermal origin, including vascular endothelium. (11-14) ABO polymorphisms 

result from the A and B genes thought to be responsible for encoding the A- and B-specific 

glycosyltransferases, respectively. Specificities in the glycosyltransferases differ due to 

differences in amino acid base substitutions. (15) The A and B glycosyltransferases transfer 

terminal trisaccharides to the H chain to form A, B, or both A and B antigens. Expression of 

the A/B antigens defines the individuals of blood type of A, B or AB. The O gene is thought 

to be silent or thought to give rise to an inactive glycosyltransferase (16) incapable of 

modifying the H antigen and therefore individuals of blood type O express only the H 

antigen. (15) 

Additional polymorphisms in the ABO blood group system can be found within the 

subgroups of the blood types. For example, subgroups A1 and A2 are based on differences in 

A transferase activity, resulting in qualitative and quantitative differences in the A 

carbohydrate antigen expression. (11) 

Individuals normally produce ‘natural’ anti-A and/or anti-B antibodies, which is 

thought to be due to an immune response to non-pathogenic gut flora, to the A/B antigens in 

which they do not express. (17, 18) For example, blood-type A individuals express A 

antigens on the surfaces of their red cells and tissues and develop anti-B antibodies; blood-

type B individuals express B antigens on the surfaces of their red cells and tissues and 

develop anti-A antibodies; blood-type O individuals do not express A or B antigens on the 

surfaces of their red blood cells and tissues and develop both anti-A/B antibodies. Lastly, 

blood type AB individuals express both A/B antigens on their red cells and tissues and do not 

develop any anti-A/B antibodies. (Table 1-1) During normal infancy, antibodies directed to 

ABO antigens are not produced until the first 5-6 months after birth, and slowly rise 

thereafter. (17, 19)  
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1.2.2 History of ABO-incompatible Organ Transplantation 
 

 ABOi transplantation involves exposure of the immune system to foreign, non-self 

antigens. Pre-formed A/B antibodies secreted by A/B-specific B cells of the recipient will 

bind to A/B antigens expressed on the donor graft endothelium, initiating a cascade of 

complement activation and widespread vascular thrombosis. (20-22) ABOi transplantation 

carries a ‘high risk’ of hyperacute graft rejection if clinical maneuvers to remove antibodies 

are not undertaken.  

 Intentional efforts to cross the ABO blood-group barrier in transplantation began in 

adults in both kidney and liver transplantation in the late 1980’s due to donor organ 

shortages. Initial reports of ABOi liver transplants showed the 1-year survival rate of 

recipients was 66%. The authors suggested the use of ABOi grafts was justifiable in 

emergencies “when no other donor was available”. (23) The first ABOi kidney 

transplantation was successfully performed in 1987 along with plasmapheresis and 

splenectomy to reduce the anti-donor A/B antibodies and minimize the risks of hyperacute 

rejection. (24) Since, with the availability of more effective antibody removal techniques and 

therapies directed at B cells and plasma cells, ABOi kidney transplantation has become well-

established therapy, (25)  especially in countries like Japan where deceased organ donation is 

rare due to cultural and religious reasons. (26, 27) With improved clinical interventions, the 

overall graft survival rates of ABOi kidney transplant have become equivalent to those of 

ABO-compatible (ABOc) transplants. (25) 

 Decision-making regarding risk/benefit of heart transplantation is different than kidney 

transplantation because loss of a heart graft due to immune or other injury typically results in 

patient death, whereas if the patient loses a kidney, renal dialysis may be an option. 

Therefore intentional ABOi heart transplantation was generally thought to be absolutely 

contraindicated. In a global survey conducted in 1990 at 66 centers worldwide regarding 

experience with ABOi HTx, of 8 patients who received ABOi heart transplants (all 

accidentally performed due to errors in determining or reporting the donor blood type), 5 of 

the hearts were hyperacutely rejected: 4 within the first 24 hours post-transplant and 1 at 13 

days post-transplant. Of the 3 ABOi heart transplants that were not hyperacutely rejected, 2 

patients remained alive at 12 and 26 months later and the third patient died of unrelated 
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causes. Given these results after accidental ABOi HTx, the reported cases of catastrophic 

consequences reinforced strict adherence to blood group compatibility between donor and 

recipient. (28) 

 

1.3 ABO-incompatible Heart Transplantation in Infancy 
 

In the 1990’s critical shortages of donor organs and high wait-list mortalities in infants 

and young children, coupled with the knowledge of delayed ABO-antibody production 

during normal infancy, led Dr. West and colleagues to the introduction of intentional ABOi 

infant HTx. (29) The surgical procedure of ABOi infant HTx involved standard orthotopic 

HTx. The initial study by West et al. (29) measured serum isohemagglutinin titres before and 

after transplant and performed plasma exchange during cardiopulmonary bypass to eliminate 

circulating antibodies directed against blood-group antigens; no further procedures were used 

to remove antibodies. All infant recipients received intravenous methylprednisolone during 

the operation, and immediately after the operation. Until renal function stabilized, infants 

received induction therapy with rabbit polyclonal anti-thymocyte antibody. Following 

transplantation, the standard immunosuppression regimen consisted of cyclosporine, 

azathioprine and prednisone for the first 2 ABOi recipients. Due to newly available 

immunosuppressive drugs, subsequent ABOi recipients received tacrolimus, mycophenolate 

mofetil and prednisone. Graft rejection (acute cellular and humoral) was monitored by 

endomyocardial biopsy.  

The first cohort comprising 10 infants was a success: 8 of the 10 infants survived ABOi 

HTx and there was no hyperacute rejection. The 2 deaths were unrelated to blood group 

incompatibility. The results of this study contributed to a decreased mortality rate among 

infants on the institutional waiting list from 58 percent to 7 percent. 

Since the first successful cohort ABOi infant HTx, (29) many centers around the world 

have integrated ABOi infant HTx as a general protocol to improve organ availability and 

usage in pediatric transplantation. (30-32) A number of published reports confirm that the 

medium and long-term graft survival rates are similar to ABOc HTx. According to 

Henderson et al., (32) data obtained from the Pediatric Heart Transplant Study (PHTS) 

indicate that over a 12 year time period (January 1996 – December 2008) there were a total 
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of 85 ABOi heart transplants (median age at HTx:  3.2 months) out of 502 (17%) total heart 

transplants (median age at HTx: 4.6 months) performed at 20 PHTS centers. The authors 

concluded that young children who received an ABOi transplant had equivalent 1-year 

survival and freedom from rejection compared to ABOc transplant. The authors suggested 

the re-examination of current policies of United Network for Organ Sharing (UNOS) that 

gives priority to ABOc over ABOi transplantation in the United States. In addition, a recent 

study by Urschel et al. (30) suggested standardizing organ allocation strategies after 

examining data from 58 ABOi infant heart transplants (median age at HTx: 6.8 months) 

performed at 6 centers across North America and Europe. The authors concluded that 

successful ABOi HTx could be performed safely in children of “older ages”, with higher 

anti-donor antibody titres than initially assumed, all while maintaining immunosuppressive 

regimens similar to ABOc HTx and rare reports of rejection and graft vasculopathy.  

Generally speaking, following ABOi infant HTx, most infants remain deficient in 

antibodies directed against the graft donor blood type. The unexpected success of ABOi HTx 

during infancy is associated with development of immunological tolerance to the donor 

antigens on the graft, (1) as discussed below. 

 

1.3.1 Neonatal Tolerance Induction 
 

Neonatal tolerance induction occurs when foreign antigens are introduced during the naïve 

stages of early immune development and results in the elimination of antigen-specific 

immunity, a process well documented in animal models. (33-37) Owen described the natural 

setting of alloantigen exposure during the period of immunologic immaturity in fetal calves. 

(33) Later, skin grafting experiments in twin cattle demonstrated that shared placental 

circulation resulted in dizygotic twin calves’ ability to accept skin grafts transplanted from 

their non-identical twin. In contrast, twin calves with a separate placental circulation in utero 

did not accept transplanted skin grafts. (38) Based in part on this work, Burnet first proposed 

the idea of the susceptibility of the immature animal to tolerance induction (34) and linked it 

to the immunologic discrimination of self vs. non-self antigens. A decade later, Lederberg 

alternatively proposed that tolerance induction was due to the immaturity of the immune 

system. (39) He defined maturity as “the progression of a cell from sensitivity to reactivity” 
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and theorized that “the immature antibody-forming cell is hypersensitive to antigen-antibody 

combination: it will be suppressed if it encounters the homologous antigen at this time.” 

Lederberg further predicted that tolerance induction should be possible in adult animals 

through exposure of “initial” antibody-forming cells to a given antigen. Lederberg’s work 

was expanded by Medawar et al.; (40) intentional exposure of newborn mice to alloantigens 

demonstrated acceptance of allo-specific skin transplants in adult mice and specific 

abrogation of immune responses to the antigens encountered during immaturity. Decades of 

subsequent work have demonstrated cellular mechanisms of tolerance induction in this 

setting to include anergy or inactivation, deletion or suppression and receptor editing in B 

cells. (36, 41-46) 

 

1.3.2 B cell Tolerance following ABOi HTx in Infants 

 

Immunological immaturity and Medawar’s model of neonatal tolerance induction are 

valuable in attempting to understand B cell tolerance that ensues following ABOi infant HTx. 

Over time, infant recipients of ABOi HTx spontaneously develop B cell tolerance to the graft 

A/B antigens. (47) This can be defined as a persistent and selective deficiency in the 

production of antibody specific to the donor blood type following transplantation. Serum 

samples from infant recipients of ABOi heart transplants were serially diluted and assessed 

for presence of isohemagglutinins (antibody) by ELISA and agglutination assays. (1) Results 

from the initial cohort confirmed that most children who received an ABOi graft remained 

largely deficient in production of IgM antibodies specific to the donor blood group, while 

still producing antibodies to non-self A/B antigens not present in the donor graft. As a 

specific example, patients of blood type O who received heart transplants from blood type B 

donors generally failed to produce anti-B antibodies, however, the production of anti-A 

antibodies proceeded relatively normally. 

In contrast to recipients of ABOi heart grafts, ABOc transplant recipients of the same 

age receiving similar immunosuppressive medications developed anti-A/B antibodies 

normally. The pattern of normal antibody production to non-self non-donor ABO antigens in 

ABOi graft recipients, together with normal isohemagglutinin development in ABOc 

recipients, indicates that the deficiency of antibodies to donor A/B antigens in ABOi 
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recipients cannot be attributed to immunosuppressive therapy. Instead, this suggests that 

specific B cell tolerance has occurred, induced by exposure to the blood group antigens of the 

donor during a time of immunologic immaturity. Interest in defining precise mechanisms of 

tolerance in this setting was initiated after this first report of acquired neonatal tolerance in 

humans. In particular, we were interested in B lymphocytes (B cells) and their particular 

involvement in mechanisms of tolerance to donor ABO antigens. 

  

1.4 B lymphocytes 
 

1.4.1 B cell Development in the Bone Marrow 
 

B cells and the antibodies they produce are crucial components of the humoral 

immune response and exert protection as part of the adaptive immune system. (48) In 

humans and mice, B cells develop in the bone marrow (BM) from hematopoietic precursor 

cells. During embryonic life, the fetal liver supplies the BM with hematopoietic stem cells. 

Early B cell development is BM-dependent and involves rearrangement of the 

immunoglobulin gene segments. (49) VH, DH and JH rearrangements of the heavy chain  (H-

chain) gene segments, together with the VL-JL rearrangements of the light chain (L-chain) 

segments, (50) results in an extensive repertoire of functional VDJH and VJL combinations 

that encode B cell receptors (BCR) capable of recognizing more than 5x1013 different 

antigens. (51) Three developmental stages are defined in the rearrangement of the H- and L-

chains. First, pro-B cells rearrange the D and J segments of the H-chain. A second 

rearrangement joins the V gene segment to the already existing DJ segment. (51) In the pro-B 

stage, signal-transducing components, Igα (CD79a) and Igβ (CD79b), are expressed at the 

cell surface. (52, 53) After μ-H-chain recombination and further assembly with surrogate 

light chains (SLCs) the pre-BCR is formed. (51) Signaling through the pre-BCR causes 

rearrangement of V and J gene segments of the L-chain resulting in mature BCR surface 

expression and delineation of the immature B cell. (53) 

 

1.4.2 Human B cell Subsets in the Periphery 
 

Transitional or immature B cells emigrate from the BM and circulate as naïve B cells 
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through the secondary lymphoid tissues (lymph nodes and spleen). They form two distinct 

populations of ‘B2’ B cells including follicular (FO) B cells and marginal zone (MZ) B cells. 

After antigen encounter in the follicles of the secondary lymphoid tissues, FO B cells move 

toward the T cell areas to present antigen to helper T (TH) cells. Following the interaction, 

the FO B cell either (1) becomes a short-lived extra-follicular plasmablast or (2) enters the 

germinal center and undergoes proliferation and differentiation into plasma cells and memory 

cells. (54) 

Maturation of antibody affinity occurs through somatic hypermutation (SHM) of the V 

region and results in high-affinity antigen binding sites. (55, 56) SHM involves point 

mutations to diversify the V region of the BCR. (57) Heavy-chain V regions encoding the 

antigen binding sites are rearranged through a process called class switch recombination 

(CSR). CSR involves replacement of the constant μ region (Cμ) with Cγ, Cα or Cε segments 

to produce isotypes of IgG, IgA, or IgE, respectively, resulting in increased functional 

diversity of the B cell. (58, 59) 

Plasmablasts secrete antibodies yet continue to divide and interact with T cells. After a 

few days, they stop dividing and die or undergo terminal differentiation into plasma cells. 

Plasma cells secrete antibodies at high rates but can no longer respond to antigen or TH cells 

due to their low levels of surface immunoglobulin (sIg) and lack of MHC II molecules. (60-

62) Some plasma cells remain in the lymphoid organs and are short-lived while others move 

to the BM where they continue producing antibodies. Plasma cells play an important role in 

ABOi transplantation, as they are responsible for the production of antibodies directed 

against A/B blood-group antigens. These plasma cells are known as A/B antibody-secreting 

cells (ASC). There is limited knowledge about the origin and location of these cells.  

Memory B cells populate the blood, lymph nodes and spleen. They persist in the 

absence of the original antigen that induced them. With an extensive lifetime, memory B 

cells respond quickly upon re-encounter of antigen and therefore play a prominent role in the 

maintenance of immunity for extended periods. (63) In humans, the surface marker defining 

memory B cells is CD27, (64) a member of the tumor necrosis factor receptor family that 

binds to CD27 ligand (CD70). CD27-CD70 is an important interaction in the differentiation 

of CD27+ memory B cells to plasma cells. (65) 

MZ B cells function as innate-like lymphocytes that can mount rapid antibody 
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responses. Upon interaction with antigen presented on neutrophils, macrophages or dendritic 

cells, MZ B cells quickly differentiate into plasmablasts to produce vast amounts of IgM. 

(66) MZ B cells are found in the splenic MZ as well in other MZ-like areas such as the inner 

wall of the subcapsular sinus of lymph nodes and the epithelium of tonsil crypts. (66) 

IgM+IgD+CD27+ B cells present in human peripheral blood have been shown to share 

markers specific to MZ B cells (including CD21, CD23 and CD1c) suggesting that human 

MZ B cells recirculate. In contrast to rodents, the human MZ B cells have been reported to 

account for 10-30% of the B cell population in the blood and spleen. (67)  

An additional subset of mature B cells, B-1 cells, has been described in mice, having a 

distinct lineage from conventional ‘B-2’ cells discussed above. B-1 cells are the first to 

appear in fetal development and are primarily found in the peritoneal and the pleural cavity 

fluid. B-1 cells are thought to be important in early phases of the adaptive immune response 

to pathogens and are thought to contribute strongly to responses against carbohydrate 

antigens. They secrete ‘natural antibodies’ which have broad specificity and bind with low-

affinity to both microbial and self-antigens. (68) Whether or not human B-1 cells exist is 

controversial in the literature. (69) CD5+ B cells have been detected in human fetal tissues 

(70) and also in adult tissues. (71) But because CD5 is not a restricted B-1 B cell marker, 

evidence that this population exists remains unknown. Recent work by Griffin et al. (72) 

screened defined populations of cells obtained from human cord and peripheral blood and 

tested the samples for properties that resemble murine B-1 cells. They identified the 

CD20+CD27+CD43+CD70- B cell subset in humans with characteristics consistent with B-1 

cells in mice.  

 

1.4.3 B cell Subsets from Infancy to Adulthood 

 

Van Gent et al. (73) characterized the reference values of pediatric B cell 

compartments in healthy children aged 0-18 years. The authors concluded the following: the 

naïve B cell population, defined as constituting the CD27-IgM+IgD+ population, minus the 

CD19+CD27-IgM+IgD+CD10+CD38bright recent bone marrow emigrants [RBE] (these were 

defined as progenitors to naïve B cells), constituted the largest peripheral B cell subset 

throughout childhood; RBE constituted the second largest B cell subset until the age of 4 
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years. The absolute numbers and percentages of recent bone marrow emigrants (RBE) 

reached peak levels in the first 0-6 months while naïve B cells reached peak levels from 6-12 

months, with numbers decreasing gradually during childhood and stabilizing during puberty 

(numbers similar to adults). The authors concluded that this temporal difference between 

RBE and naïve B cells was due to an increased B cell output from BM directly after birth 

followed by differentiation of RBE into naïve cells 6-12 months later. Further they found that 

the majority of memory B cells during childhood constituted non-class-switched memory B 

cells CD27+IgM+IgD+. The percentages of CD27+ class-switched memory B cells (defined as 

CD27+IgM-IgD- B cells, consisting of CD27+IgA+ and CD27+IgG+ memory B cells) slowly 

increased with age.  

 

1.4.4 B cell Activation and Signaling 
 

 B cell activation is generally considered to be T cell-dependent (TD) or T cell-

independent (TI), depending on the antigen. TD antigens require the help of T cells to initiate 

a secondary signal for B cell activation. (74) T cells recognize antigen peptides bound in the 

MHC class II molecules presented by the B cell or other antigen-presenting cell (APC). In 

contrast, TI antigens can induce antibody responses in the absence of T cell help. TI antigens 

can be classified into Type 1 or Type 2 (TI-1 or TI-2) antigens. TI-1 antigens contain 

molecules that trigger B cells to proliferate and differentiate regardless of antigen specificity, 

known as polyclonal activation. Examples of TI-1 antigens are bacterial DNA or 

lipopolysaccharide (LPS). These structures are thought to stimulate the B cell through its 

surface toll-like receptors (TLRs). These antigens can activate both immature and mature B 

cells. TI-2 antigens have highly repetitive epitopes and a minimal molecular weight of 

100,000MW. (75) In an immune response to TI-2 antigens, cross-linking and clustering of 

the BCR is necessary for B cell stimulation. (76) 

 Each mature B cell displays a membrane bound molecule called the B cell receptor 

(BCR). The BCR is multimeric complex composed of proteins including the surface 

immunoglobulin (Ig) molecule and a heterodimer composed of CD79a (Igα) and CD79b 

(Igβ). (77-79) The B cell becomes activated when the B cell receptor (BCR) binds its 

antigen; the outcome depends on the affinity of the BCR for the antigen as well as co-
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activating or co-inhibitory signals. The Igα and Igβ heterodimers have intrinsic signaling 

capacity, unlike the Ig portion. (80) Upon ligation and/or crosslinking of the BCR with an 

antigen, a signal is transduced across the plasma membrane of the B cell leading to 

phosphorylation of the immune-receptor tyrosine-based activation motifs (ITAMs) contained 

within the cytoplasmic tails of Igα and Igβ. A signaling cascade is then initiated involving 

phosphorylation of phospholipase C-gamma 2 (PLCγ2). (81) PLCγ2 cleaves 

phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol triphosphate (IP3) and 

diacyl-glycerol (DAG). (82, 83) IP3 binds to the IP3 receptor, located in the membrane of the 

endoplasmic reticulum, and results in release of stores of intracellular Ca2+ ions. The 

reduction in Ca2+ activates calcium-release-activated channels and results in an influx of 

extracellular calcium ions. (84, 85) The other by-product DAG binds to protein kinase C 

(PKC). The BCR signal further propagates to include translocation of the transcription 

factors Nuclear Factor of Activated T cells (NFAT), Nuclear Factor kappa B (NFκB) and 

Activator Protein 1 (AP-1). The net results of these processes drive B cell proliferation and 

differentiation. (48)  

B cells express additional co-receptors that lower the threshold of B cell activation. 

CD19 is a co-receptor with multiple tyrosines present in its cytoplasmic region that may be 

phosphorylated by SFK leading to increased activation. In addition, CD21 associates with 

CD19 to amplify the BCR signal via binding to the C3d component of complement. (86, 87) 

 

1.4.5 B cell Regulation 
 

 Though it is necessary for the immune system to initiate responses against pathologic 

antigens for protection, it is also necessary that it avoid auto-reactivity to self (‘self’ 

tolerance). B cell regulation is essential in balancing immune responses. Central tolerance 

mechanisms eliminate self-reactive B cells during B cell development in the BM. (88) These 

mechanisms include B cell deletion and receptor editing. (89, 90) High avidity interactions 

with self-antigens result in an arrest of the B cell at the immature stage. (89) Reactivation of 

recombinant activating genes results in alteration of the auto-reactive BCR. (90) Tolerance 

mechanisms are also in place in the periphery that regulate immature B cells that encounter 

self-antigens not present in the BM. High avidity interactions with these antigens result in 
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rapid deletion of transitional B cells. In contrast, low avidity interactions of transitional B 

cells with self-antigens have been shown to result in B cell anergy. Anergy is characterized 

by decreased responsiveness in antibody production capabilities of the B cell. (91) 

Extrinsic factors contribute to B cell regulation including interactions with cytokines, 

complement and T cells. (92-95) In addition, molecules on the B cell surface such as the co-

inhibitory molecule CD22 are known to negatively regulate B cell signaling. (2, 3) This 

molecule is of particular interest to us because it has been shown to induce B cell tolerance to 

TI-2 antigens. (2) TI-2 antigens are thought to include ABO carbohydrate structures. (96, 97) 

  

1.5 CD22 
 

 CD22 is a B cell surface molecule known to associate with the BCR and regulate its 

activity. Other proposed functions of CD22 include a role in B cell migration (98) and B cell 

development. (99) For the purposes of this project we will focus on CD22 and its function as 

an inhibitory co-receptor of the BCR and its role in B cell regulation. 

 

1.5.1 Siglecs: CD22 and Siglec-G  
 

CD22 is a member of the sialic acid-binding immunoglobulin-like lectin (Siglec) 

family. Siglecs are transmembrane surface proteins (100) expressed on most cell types in the 

human immune system. (101) While siglecs bind exclusively to sialylated carbohydrates, 

some show strict ligand requirements while others recognize a broader range of sialic acids. 

(102, 103)  

CD22 is initially expressed in the cytoplasm of B cells in the pro-B to pre-B stage; it 

relocates to the cell surface as B cells mature to express IgD. (104, 105) CD22 is expressed 

by MZ B cells and follicular mantle B cells but only weakly expressed by germinal center B 

cells. (106) As activated B cells differentiate into antibody-secreting plasma cells, CD22 

expression is lost. (107-109) 

Siglec-G is another siglec known to associate with the BCR and negatively regulate B 

cell signaling in mice. (110) Siglec-G is found predominantly on the surface of B cells as 

well as other cell types including dendritic cells. (111, 112) In humans the homolog of 

Siglec-G is Siglec-10. A recent study by Pfrengle et al. (113) demonstrated that Siglec-G was 
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able to inhibit B cell activation in a manner similar to CD22. However, further studies will be 

necessary to determine if Siglec-10 and CD22 work collectively to inhibit human BCR 

signaling.  

 

1.5.2 CD22 Ligands 
 

 The extracellular domain of CD22 contains seven immunoglobulin domains. The 

outermost domain binds sialic acids in an α2,6-linkage to galactose, the preferred ligand of 

CD22 (CD22L). (114) In general, sialic acids attach to glycans via α2,3, α2,6 and α2,8 

linkages. Human CD22 binds to sialic acids containing N-actylneuraminic acid (Neu5Ac) 

whereas murine CD22 binds to sialic acids containing N-glycolyneuraminic acid (Neu5Gc). 

(115-117) The α2,6-linkage is found on various plasma proteins, such as soluble IgM or 

haptoglobin. (118, 119) They are also abundantly expressed on the surface of T-cells, (120) 

cytokine activated endothelial cells, (121) monocytes (122) and erythrocytes. (123) Several 

proteins on B cells also carry sialic acid residues, such as CD22 itself, and IgM. Though 

CD22 can engage its ligand on many surfaces, including different cell types, it is highly 

probable that not all interactions have physiological relevance. (4)  

ST6Gal I sialyltransferase is the unique enzyme resulting in production of CD22L 

(124), found in hematopoietic cells and the liver. (4) Further evidence demonstrated that the 

STN6 gene, encoding the ST6Gal I sialyltransferase, was found in human fetal and adult 

tissues including the heart. (125) 

 CD22 may interact in cis orientation with CD22L on the same cell surface or in trans 

with ligands presented on adjacent surfaces of other cells or soluble glycoproteins (Figure 1-

1). Due to a high concentration of α2-6 sialic acids on the B cell surface, most CD22 

molecules are thought to interact in cis with glycoprotein ligands on the same cell. (126) 

Unmasking of CD22 by sialidase or periodate is required if CD22 is to bind to lower-affinity 

probes. In contrast, binding to higher affinity multivalent probes does not require previous 

unmasking of CD22. (127) Certain B cell subsets, including transitional B cells and MZ B 

cells, have been described to have a higher proportion of unmasked CD22 in the spleen. 

(128) Courtney et al. (129) demonstrated that CD22 could engage multivalent antigens in 

trans to inhibit B cell activation. Moreover, they showed that the level of ligand substitution 
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on the antigen could influence the activation level of the B cell: antigens with no CD22L 

were strong activators of B cells, antigens with moderate CD22L were weak activators and 

those substituted with high levels of CD22L were most effective at inhibiting B cell activity. 

These results indicate that it is possible to alter the immunogenicity of an antigen or cell via 

manipulation of sialylation on the antigen/cell surface.  

 

1.5.3 CD22 and B cell Inhibition 
 

Studies using CD22-deficient mice demonstrated that CD22 functions predominantly 

as a co-inhibitory receptor in vivo.  (130-133) CD22 deficiency resulted in increased Ca2+ 

mobilization and subsequent increased signaling in response to BCR stimulation. Described 

as a “dominant inhibitor” of conventional B cells, (4) CD22 becomes tyrosine 

phosphorylated less than one minute after BCR cross-linking. (134) Simultaneous 

presentation of the BCR antigen and CD22L results in additional CD22 molecules being 

recruited to the vicinity of the BCR, resulting in an even stronger inhibition of the BCR 

signal. (135)  

The cytoplasmic domain of CD22 contains negative regulatory elements that diminish 

B cell signaling. (114) The inhibitory properties of CD22 can be attributed to its three 

immune-receptor tyrosine-based inhibitory motifs (ITIMs) and additional ITIM-like motifs 

found within this region. (130) Upon BCR crosslinking, tyrosine residues located within the 

ITIMS of CD22 are rapidly phosphorylated by the Src kinase, Lyn. (136) Lyn is thought to 

be responsible for this phosphorylation as Lyn-deficient mice demonstrate defective CD22 

tyrosine phosphorylation. (135) SHP-1 is believed to be the central signaling molecule 

involved in mediating CD22 inhibition. (4) This molecule is recruited to phosphorylated 

CD22 ITIMs and requires at least two of three tyrosine motifs be phosphorylated to be most 

effective. (137) SHP-1 acts to dephosphorylate components of the BCR signaling cascade 

leading to a decrease in BCR signal. (127) 
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1.5.4 CD22, B cell Tolerance and Autoimmunity 
 

B cells play an important role in protecting the host from pathogens through 

production of antibodies specific to pathogenic antigens. However, in order to prevent 

autoimmunity, B cells must be regulated upon encountering self-antigen.  

The differential expression of CD22L between host and microbe has led to the 

suggestion that the inhibitory co-receptor, CD22, has a role in self vs. non-self 

discrimination. CD22Ls are ubiquitously expressed in higher eukaryotes (138, 139) but 

absent in most microbes, with the exception of those pathogenic strains that have evolved to 

express these ligands to evade immune responses. (139, 140) 

A study by Duong et al. (2) examined the involvement of siglecs (CD22 and Siglec-

G) in B cell tolerance to synthetic “self-like” TI-2 antigens in vivo. Their study design 

consisted of polyacrylamide (PA) as the core backbone for sialic acid and non-sialic acid TI-

2 antigen conjugates. To test the hypothesis that self TI-2 antigens induce B cell tolerance via 

CD22 and Siglec-G, they used hapten nitrophenol (NP) and conjugated it to synthetic TI-2 

antigens. (The authors reported that haptens appropriately displayed on high molecular 

weight PA should behave as TI-2 antigens. (75)) The conjugates included PA alone (NP-PA), 

NP-PA-NeuGc (NeuGc is a natural sialoside for mice) and a high affinity ligand, NP-PA-

bNeuGc. They measured hapten-specific IgM and IgG3 immune responses to TI-2 antigens 

(NP responses) in mice after immunization and 7-day incubation period. Results included 

robust immune responses for NP-PA, significantly reduced responses for NP-PA-NeuGc and 

negligible responses for NP-PA-bNeuGc. NP-PA-bNeuGc most effectively inhibited 

humoral immune responses and this was attributed to its role as a high affinity ligand. 

Additional experiments examined whether TI-2 antigen conjugates would induce B cell 

tolerance in vivo. Results of the study demonstrated that decorating a TI-2 antigen with 

ligands for siglecs not only prevented its immunogenicity, but also tolerized B cells to 

subsequent challenges with the un-sialylated form of the antigen.  

The role of CD22 in autoimmunity has been studied in gene-targeted mice. Loss of 

CD22 alone is not sufficient for development of spontaneous autoimmune diseases in mice. 

(130, 132, 133) However, when CD22-deficient mice are crossed to strains prone to 

autoimmunity, such as Yaa (Y-linked autoimmune accelerator) mice, CD22 deficiency can 
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contribute to increased autoimmunity. (141, 142) At least three alleles of the CD22 gene have 

been identified: CD22a, CD22b and CD22c. CD22 polymorphisms exist in mouse strains that 

are susceptible to autoimmunity (142, 143); for example, Lupus-prone strains such as NSW 

express the CD22a allele. (142, 144)  Most of the polymorphisms in these alleles occur in the 

ligand-binding domain of CD22 and suggest that alterations in this domain may contribute to 

autoimmunity. Mice deficient in molecules associated with CD22 signaling, namely SHP-1 

and Lyn, also show signs of autoimmunity. (145)  

Sialic acid acetylesterase (SIAE) is an additional factor linking B cell siglecs to 

autoimmunity. SIAE modifies sialic acids by removing an inhibitory acetyl group from the 9-

OH position enabling CD22 binding.  (146, 147) Mice lacking SIAE demonstrate a 9-O-

acetylation of sialic acid, which limits accessibility to CD22. SIAE-deficient mice develop 

Lupus-like autoimmune disease with high titres of antibodies. (146) 

 

1.6 Rationale of Thesis 
 

Mechanisms of B cell tolerance to donor A/B antigens in ABOi infant HTx are not well 

understood.  ABO antigens are carbohydrate antigens that are thought to initiate a TI-2 

immune response under normal conditions. In mice, the B cell surface molecule CD22 has 

been described as having an important role in the development of B cell tolerance to TI-2 

antigens. The overall goal of this thesis was to investigate a possible role for CD22 in ABO 

tolerance in infants following ABOi HTx. 

 

1.7 Hypothesis of Thesis  
 

We hypothesize that CD22 is involved in the down-regulation or inhibition of B cell 

responses to ABO antigens following ABOi infant heart transplantation. CD22 present on 

host B cells may bind to CD22L on donor heart tissue and inhibit B cell activation. This, 

together with ligation of the ABO-specific B cell receptor to donor A/B antigens present on 

graft tissue, may contribute to induction of donor-specific tolerance to donor A/B antigens 

and enable long-term acceptance of an ABOi graft. (Figure 1-2) 
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1.8 Research Aims of Thesis  
 

The specific experiments described in this thesis represent a part of the overarching 

work of elucidating mechanisms of B cell tolerance to donor A/B antigens in the setting of 

ABOi infant heart transplantation.  Specifically, these experiments were important 

preliminary steps towards determining whether CD22 plays a role in the inhibition of human 

B cell responses in donor-specific ABO tolerance. To study this we focused on:  

1. Defining differences in the surface expression of CD22 in human B cells across the 

lifespan.  

2. Isolation of CD27+IgM+ B cell subsets from infants (defined in these experiments as < 2 

years in age) and older individuals for further functional studies (the CD27+IgM+ B cell 

subset was found to have increased expression of CD22 during infancy – Aim 1). 

3. Determination of the A/B antigen-specific B cells capable of becoming antibody-secreting 

cells. 

4. Use of the Ramos human B cell line to develop protocols to study signaling in CD27+IgM+ 

B cells following BCR and/or CD22 stimulation. 
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1.9 Tables & Figures 

Table 1-1. ABO blood group in humans 
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Figure 1-1. CD22-CD22L engagement. CD22 is capable of engaging its ligand (CD22L; 
α2,6-linked sialic acid) in cis conformation, with a ligand present on the B cell surface, or in 
trans conformation, with a ligand present on an adjacent cell or plasma protein. 
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Figure 1-2. Project Hypothesis. (A) A study by Duong et al. has reported CD22 to be 
involved in the down-regulation of B cell antigen responses and subsequent B cell tolerance 
upon exposure to polymers co-expressing CD22L & the B cell antigen (ag). (B) The 
hypothesis of my project states that ABO antigens together with CD22L present on the 
vascular endothelium of the donor heart, may be involved in enabling similar responses (as 
seen in the study by Duong et al.) following ABOi infant HTx leading to the down regulation 
of A/B antigen specific B cell responses and subsequent B cell tolerance. (Image Modified 
from: Crocker et al. 2007, Nat Rev Immunol) 
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CHAPTER TWO:  MATERIALS AND METHODS 

 

2.1 Cell Sources 

  

2.1.1 Human Samples 

 

Peripheral blood mononuclear cells (PBMCs) were derived from whole blood of 

healthy adult volunteers, and pediatric cardiac patients (including cardiac surgery and aged 

matched controls). Patient samples were collected at the Stollery Children’s Hospital in 

Edmonton, Alberta, as part of the ongoing Cardiac Transplantation in Infancy Study. 

Splenocytes were isolated from spleens of deceased organ donors. All samples were 

collected in accordance with the regulations of the Health Research Ethics Board at the 

University of Alberta together with the operational approval from Northern Alberta Clinical 

Trials and Research Center for Alberta Health Services. Spleen tissue was obtained from 

deceased organ donors through the Human Organ Procurement Program (HOPE) of Alberta 

Health Services, University of Alberta Hospital (UAH). No transplant patient samples were 

included in any of these studies. Samples were selected based on age at time of collection 

and included all blood types.  

 

2.1.2 Ramos Cells 
  

Dr. Burshtyn from the department of Medical Microbiology and Immunology at the 

University of Alberta generously donated the Ramos cell line. It is an EBV-negative cell line 

derived from American Burkitt’s Lymphoma in humans. (148, 149) 
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2.2 Preparation of Cells 
 

2.2.1 Isolation and Cryopreservation of Cells 
 

2.2.1.1 PBMCs 
 

Whole blood was collected in sterile sodium-heparin vacutainer tubes (BD 

Biosciences, Mississauga, ON) and stored at room temperature (RT) until processed. PBMCs 

were isolated from whole blood via standard ficoll (GE Health Care Life Sciences, Baie 

d’Urfe, Quebec) gradient centrifugation. Cells were washed in R-10 media (500 ml RPMI 

[Invitrogen, Burlington, ON], 5 ml (1%) penicillin/streptomycin [Invitrogen], 50 ml (10%) 

heat-inactivated fetal bovine serum (FBS) [Invitrogen]) and counted using the MACSQuant 

flow cytometer (Miltenyi Biotec Inc., San Diego, CA). Cells were stored at 5-10x106 cells/ml 

in 20% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Oakville, ON) in heat-inactivated FBS. 

Isolated PBMCs were transferred into cryovials (Corning - Life Sciences, Tewksbury, MA) 

and into the -80°C freezer overnight. PBMCs were then moved into liquid nitrogen storage 

for cryopreservation.  

 

2.2.1.2 Splenocytes 
 

Spleen tissue samples were collected from donors in the operating room at UAH and 

stored in saline solution at 4°C until processed. Upon retrieval, spleen tissue was 

disassociated using the gentleMACS tissue dissociator (Miltenyi Biotec Inc.) and red blood 

cell lysis was performed using Ammonium Chloride Solution (red blood cell lysis buffer) 

(StemCell Technologies, Vancouver, BC). Cells were washed in R-10 media and counted 

using the MACSQuant flow cytometer. Cells were then transferred into cryovials at 5x107 

cells/ml in 20% DMSO in FBS and into the -80°C freezer overnight. The following day the 

cells were placed in liquid nitrogen to be cryopreserved and stored for future use.  

 

2.2.2 Thawing of PBMCs and Splenocytes 
 

For both PBMC and splenocyte samples, cells were thawed in a 37°C water bath with 
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gentle hand mixing. Upon thaw the samples were washed 2x with 9ml R-10 media and 1ml 

FBS. Samples were then washed in 10ml fluorescent activated cell sorting (FACS) Staining 

Buffer (FSB) (970ml 1x Phosphate Buffered Saline (PBS), 10ml of 10% Sodium Azide, 

20ml heat inactivated FBS), counted using the MACSQuant flow cytometer, and 

resuspended as per protocol. 

 

2.2.3 Cryopreservation and Culture of Ramos Cells  
 

Ramos cells were stored in liquid nitrogen at 5-10x106 cells/ml in 20% DMSO 

(Sigma-Aldrich) in heat-inactivated FBS (Invitrogen). Upon use cells were thawed, washed 

2x in 9ml R-10/1ml FBS, and counted on the MACSQuant flow cytometer. Cells were 

cultured at 5x105 cells/ml in R-10 media using a sterile 12-well polystyrene plate. R-10 

culture media was refreshed every 2 days by removing 1ml of the media in use and replacing 

with 1ml fresh media. Cells were split on day 4 of culture, counted on the MACSQuant flow 

cytometer on day 7 and re-seeded to the concentration above. Ramos cells were given a 

minimum of 1 week to culture before use in experiments.  

 

2.3 Surface Staining 
 

2.3.1 Surface Staining Protocol 
 

For PBMC and splenocyte samples, cells were thawed as per section 2.2.2. For 

surface staining cells were resuspended to 5x105 cells in 100μl FSB (PBMCs) or 1.0x106 

cells in 100μl (splenocytes) FSB.  

Ramos cells were collected from cell culture (37°C), washed 1x in R-10 media, 

counted using the MACSQuant flow cytometer and resuspended to 0.5x106 cells in 100μl 

FSB.  

Cells were then incubated with relevant antibodies (Table 2-1) for 30 minutes at 4°C 

in the dark. The amount of antibody/isotype used was based on the manufacturer's 

suggestions and/or titration experiments to optimize staining. Following incubation the cells 

were washed 2x in FSB and immediately run on the MACSQuant flow cytometer. Unstained 

cells and compensation beads (Affymetrix eBioscience, San Diego, CA) were used as 
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fluorescence controls. Data acquired were subsequently analyzed using FlowJo software, 

Version 7 or Version 10 (Treestar Inc., Ashland, OR).  

 

2.3.2 Identification of Various B cell Subsets 
 

In order to identify the six B cell subsets of interest (Table 2-2), all samples were 

stained using a 6-color antibody panel as per section 2.3.1. Refer to Table 2-1 for a listing of 

antibodies used in these experiments: CD19-eFluor 450 (clone: SJ25C1; Affymetrix 

eBioscience) or CD19-eFluor 780 (clone: HIB19; Affymetrix eBioscience), IgM-PE (clone: 

G20-127; BD Pharmingen, Mississauga, ON), CD27-APC-Cy7 (clone: O323, Biolegend; 

San Diego, CA) or CD27-PerCP-eFluor 710 (Clone: O323; Affymetrix eBioscience), CD38-

PE-Cy7 (clone: HIT2; BD Pharmingen) and IgD-APC-H7 (clone: IA6-2; BD Pharmingen). B 

cells were initially identified as CD19+ on a histogram. Further gating was performed to 

separate CD27+ B cells from the CD27- B cells using a histogram. Within the CD27+ B cell 

subset we examined the expression of IgM, using a histogram, to identify non-class-switched 

CD27+IgM+ memory B cells and class-switched CD27+IgM- memory B cells. (73) The 

CD27- B cell subset was subdivided using a quadrant to distinguish the co-expression of IgM 

and IgD; giving rise to CD27-IgM-IgD- B cells and the CD27-IgM-IgD+ and CD27-IgM+IgD+ 

naïve B cells. (150) The CD27-IgM+IgD+ naïve B cells were further analyzed to examine 

CD38 expression; CD27-IgM+IgD+CD38high B cells are the recent bone marrow emigrants 

(151) (Figure 2-1).  

 

2.3.2.1 Quantification of CD22 Expression on the B cell Surface 
 

In addition to identifying the various B cell subsets, we examined CD22 expression 

on each subset, and thus the antibody panel was comprised of seven antibodies; six 

antibodies previously mentioned in 2.3.1 and also CD22-FITC (clone: S-HCL-1; BD 

Pharmingen). CD22 expression was identified as the MFI of the fluorochrome FITC for each 

of the B cell subsets in each sample. Any sample with <300 events per gate was excluded 

from the analysis. 
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2.3.3 Ramos Cell Phenotyping 
 

Ramos cells were collected and stained as per section 2.3.1. To identify cell surface 

markers on cell surface, we stained the cells with the following antibodies: CD22-APC 

(clone: S-HCL-1; BD Pharmingen) or CD22-FITC (BD Pharmingen), CD19-eFluor 450 

(clone: SJ25C1; Affymetrix eBioscience), CD27-PerCP-eFluor 710 (Affymetrix 

eBioscience) and IgM-PE (clone: G20-127; BD Pharmingen). The total cell population for 

Ramos cells was identified based on forward scatter (FSC) and side scatter (SSC). 

Histograms were used to identify the surface expression of CD19, CD22, CD27 and IgM. 

 

2.4 Protocol Optimization: B cell Isolations from Total Splenocytes 
 

 Human splenocytes were thawed and prepared as per section 2.2.2.  Various 

commercial kits described below consisted of antibody cocktails and magnetic microparticles 

designed for magnetic activated cell sorting (MACS) B cell separation using the autoMACS 

Pro Separator (Miltenyi Biotec Inc.) magnetic cell separator or the manual EasySep Magnet 

(StemCell Technologies). Additional protocols involved the use of fluorescent-labeled 

antibodies and FACS cell sorting with the Influx Flow Cytometer (Cytopeia-BD Biosciences, 

Mississauga, ON) or the FACS Aria III (BD Biosciences) (Figure 2-2).  

 

2.4.1 Protocols to isolate CD19+ B cells 
 

2.4.1.1 Isolation Method 1: Magnetic Separation of CD19+ B cells 
 

The isolation of CD19+ B cells was performed using the Human B cell enrichment kit 

(StemCell Technologies) and EasySep Magnet (StemCell Technologies). Using this negative 

selection method, non-B cells are labeled with dextran-coated magnetic particles using 

specific antibody complexes. Non-B cells were identified and bound by antibody complexes 

recognizing surface antigens CD2, CD3, CD14, CD16, CD36, CD43, CD56, CD66b, and 

CD235a (Glycophorin A). As per the company’s protocol, cells were washed in 

Recommended Media (2.5ml FBS + 122.5ml 1xPBS), filtered through a 40μm filter and 

transferred into a 5ml polystyrene tube. The non–B cells were labeled with the human B cell 
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enrichment cocktail with antibodies recognizing surface markers as specified above followed 

by labeling with EasySep D Magnetic particles. After a 5-minute incubation in the EasySep 

magnet, the sample tube and magnet were inverted to pour off the unlabeled B cells into a 

new 5ml tube. The labeled non-B cells were subsequently depleted from the sample, as they 

remained bound inside the original tube. 

 

2.4.1.2 Isolation Method 2: Automated Magnetic Separation of CD19+ B cells 
 

The isolation of CD19+ B cells was performed using the B cell isolation kit II 

(Miltenyi Biotec Inc.), in which human B cells are isolated by negative selection. Cells were 

washed in autoMACS buffer (1L 1x PBS, 0.5% bovine serum albumin (VWR International, 

Edmonton, AB) 2mM Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich). The non-B 

cells were labeled with a cocktail of biotin-conjugated monoclonal antibodies against CD2, 

CD14, CD16, CD36, CD43, and CD235a as primary labeling reagent followed by anti-biotin 

monoclonal antibodies conjugated to magnetic Microbeads as secondary labeling reagent. 

The samples were subsequently subject to magnetic separation by the autoMACS Pro 

Separator. This method will be referred to as MACS.  The unlabeled B cells were eluted as 

the negatively selected cell fraction. 

 

2.4.2 Protocols to Isolate Memory B cell Subsets 
 

2.4.2.1 Isolation Method 1: Based on Positive Selection of IgM 
 

 The isolation of memory B cells was performed using the IgM+ Memory B cell 

isolation kit using positive selection (Miltenyi Biotec Inc.). Cells were washed in autoMACS 

buffer and the non–memory B cells were labeled with a cocktail of biotin-conjugated 

monoclonal antibodies, followed by anti-biotin magnetic microbeads (as per section 2.4.1.2). 

B cells were then washed in autoMACS buffer and labeled with anti-IgM magnetic 

microbeads and isolated from the pre-enriched B cell fraction. The magnetically labeled 

IgM+ memory B cells were eluted as the positively selected cell fraction after MACS. 
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2.4.2.2 Isolation Method 2: Based on Positive Selection of CD27 
 

 The isolation of memory B cells was performed using the Memory B cell isolation kit 

by positive selection (Miltenyi Biotec Inc.). Non–B cells were labeled with a cocktail of 

biotin-conjugated monoclonal antibodies and anti-biotin magnetic microbeads (as per section 

2.4.1.2). B cells were then washed in autoMACS buffer and labeled with CD27 magnetic 

microbeads and isolated by positive selection from the pre-enriched B cell fraction. The 

magnetically labeled CD27+ memory B cells were eluted as the positively selected cell 

fraction after MACS. 

 

2.4.2.3 Isolation Method 3: Based on Positive Selection of CD27-PE 
 

The isolation of memory B cells was performed using both positive and negative 

selection processes. B cells were initially isolated by negative selection by MACS (as per 

section 2.4.1.2). Subsequently, the pre-enriched B cells were washed in autoMACS buffer 

and were labeled with CD27-PE antibody (clone: M-T271; Miltenyi Biotec Inc.) followed by 

labeling with anti-PE magnetic microbeads (Miltenyi Biotec Inc.). The cells were then 

subjected to MACS again. The magnetically labeled CD27+ memory B cells were eluted as 

the positively selected cell fraction. 

 

2.4.2.4 Isolation Method 4: Based on Depletion of IgA/IgG Expressing B cells and Positive 
Selection of CD27  
 

B cells were isolated by negative selection via MACS (as per section 2.4.1.2). In 

addition to the cocktail of biotin-conjugated monoclonal antibodies as the primary labeling 

reagent, we also included biotinylated anti-IgA (clone: IS11-8E10; Miltenyi Biotec Inc.) and 

anti-IgG (clone: IS11-3B2.2.3; Miltenyi Biotec Inc.) antibodies to simultaneously deplete 

IgG+ and IgA+ B cells. In the second step, the CD27+ B cells were positively selected as per 

section 2.4.2.2 or 2.4.2.3. 
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2.4.2.5 Isolation Method 5: Based on Positive Selection of CD27 and IgM 
 

B cells were isolated by negative selection as per section 2.4.1.1 or 2.4.1.2. The 

enriched B cells were further labeled with CD27-PE or CD27-PerCP-eFluor 710 and IgM-

APC antibodies (as per section 2.3.1) and sorted using the FACS Aria III cell sorter. This 

method will be referred to as FACS. 

 

 

2.4.3 Evaluation of B cell Isolations   
 

In order to evaluate the automated cell separations, the MACS and FACS methods of 

cell sorting, we assessed the purity of the isolated B cells by examining the expression of 

CD19-eFluor 450. Specific B cell populations were identified by the surface expression of 

IgM-PE or IgM-APC (clone: PJ2-22H3; Miltenyi Biotec Inc.) and/or CD27-PerCP-eFluor 

710 or CD27-PE or CD27-APC (clone: M-T271; Miltenyi Biotec Inc.) antibodies within the 

CD19+ B cells. Cell surface staining, quantification and analysis were performed as per 

section 2.3.1. 

 

2.5 Analysis of B cell Proliferation and CD22, CD27 and IgM Surface Expression 
 

2.5.1 Labeling with Cell Proliferation Dye 
 

Cell proliferation dye eFluor 450 (Affymetrix eBioscience) was reconstituted to a 

stock concentration of 10mM with anhydrous DMSO. Once reconstituted the dye was stored 

in the dark at -20°C. Cell were washed 2x in PBS and resuspended at 2x the desired final 

concentration in PBS. A 20uM solution of the cell proliferation dye in pre-warmed PBS was 

prepared and mixed in a 1:1 volume ratio with the 2x cell suspension while vortexing. The 

cells were incubated with the proliferation dye for 10 minutes at 37°C in the dark. At the end 

of the incubation, the dye was quenched with 4-5x the volume of cold complete media and 

the cells were put on ice for 5 minutes. Cells were washed 3x with complete media and 

counted on the MACSQuant flow cytometer. 
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2.5.1.1 Proliferation Assay: Isolated CD27+IgM+ and CD27-IgM+ B cells 
 

 Splenocytes were stained with cell proliferation dye eFluor 450 as per section 2.5.1. 

Following labeling with proliferation dye, CD27+IgM+ and CD27-IgM+ B cells were isolated 

from total splenocytes as per section 2.4.2.5 (with added biotinylated anti-IgA and anti-IgG 

antibodies in the first step of B cell isolation the isolation). Cells were plated in a 96-well U 

bottom plate (BD Biosciences) at 100,000 cells/well in 200μl total volume of R-10 media 

plus various combinations of stimulators including affiniPure F(ab')2 fragment goat anti-

human IgM (10μg/ml; Jackson ImmunoResearch, West Grove, PA), affiniPure F(ab')2 

fragment donkey anti-goat IgG [H+L] (IgM-cross-linker; 10μg/ml; Jackson 

ImmunoResearch), CD40 ligand (1μg/ml; Enzo Life Sciences, Brockville, ON), CD40L 

enhancer (1μg/ml; Enzo Life Sciences), ODN2006 CpG (2μg/ml; Invivogen, San Diego, 

CA), IL-2 (40 international units (IU)/ml; R&D Systems, Minneapolis, MN), IL-10 

(50ng/ml; R&D Systems) and IL-15 (10ng/ml; R&D Systems). Cells were cultured for 7 

days, collected, washed 1x in FSB and stained with fluorescent antibodies as per section 

2.3.1 and quantified on the MACSQuant flow cytometer. 

 

2.5.1.2 Analysis of proliferation and surface expression of CD22, CD27 and IgM 
 

 Data acquired were subsequently analyzed using FlowJo software. The surface 

expression of CD22, CD27 and IgM was evaluated together with B cell proliferation. 

 

2.6 Enzyme-linked Immunospot Assays:  Detection of A/B Antigen-Specific B cells 
 

2.6.1 Cell Isolation 
 

CD27+IgM+ and CD27-IgM+ B cells were isolated from total splenocytes as per 

section 2.4.2.4 and 2.4.2.5. Purity of isolated B cells was evaluated as per section 2.4.3. 

 

2.6.2 Cell Culture 
 

Isolated B cells were cultured at 37°C in 96-well flat-bottom plates (BD Falcon) at 1-

5x105 cells/well in AIM-V media (research grade; Invitrogen)/2.5% human AB serum 
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(Sigma-Aldrich) with ODN2006 CpG (4 µg/ml; Invivogen), IL-2 (40 IU/ml; R&D Systems), 

IL-10 (50ng/ml; R&D Systems), and IL-15 (10ng/ml; R&D Systems) according to 

established protocols for differentiation of B cells to antibody-secreting cells (ASC). (152, 

153) On day 4 and 5 of culture the media was refreshed by removal of 80µl of 

supernatant/well and addition of 90µl of fresh AIM-V/2.5% AB serum with IL-2 (40 IU/ml). 

 

2.6.3 Preparation of ELISPOT Plates 
 

96-well ELISPOT plates (PVDF membrane, MAIPS4510; EMD Millipore, 

Etobicoke, ON) were prepared by pre-wetting with 70% ethanol followed by Dulbecco’s 

PBS (DPBS, without Ca2+ and Mg2+; Gibco–Life Technologies, Burlington, ON). ELISPOT 

plates were coated with 50µl/well of rabbit anti-human IgM antibody (Fc5µ fragment; 

Jackson ImmunoResearch) at 10 µg/ml (500 ng/well) in DPBS (without Ca2+ and Mg2+) or 

with 50 µl/well of rabbit anti-human IgG antibody (Fcγ fragment; Jackson ImmunoResearch) 

at 10 µg/ml (500 ng/well) in DPBS (without Ca2+ and Mg2+) and left overnight at 4°C. Wells 

were washed with DPBS and blocked with commercial blocking buffer (SuperBlock 

Blocking Buffer – Blotting; Pierce–Thermo Scientific, Rockford, IL) for 1.5 hours at RT. 

Wells were washed 2x with DPBS and incubated for 1 hour at 37°C with AIM-V media (no 

serum). Media was then removed and fresh media with IL-2 added [80μl of AIM-V (without 

serum) + IL-2 (40IU/ml)]. 

 

2.6.4 Cell Culture in ELISPOT Plates 
 

Cultured cells were harvested and transferred to v-bottom 96-well plates (Costar, 

Corning–Life Sciences). Cells were washed with AIM-V media (no serum) and counted on 

the MACSQuant flow cytometer. Cells were re-seeded at 1x103-5x104 cells/well in 

appropriate wells to the ELISPOT plates (100μl total volume per well) in AIM-V (without 

serum) + IL-2 (40IU/ml) and cultured overnight at 37°C. 
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2.6.5 Detection of Secreted Antibody 
 

Following overnight culture, ELISPOT plates were washed 2x with DPBS and 6x 

with wash buffer (0.05% Tween-20 and 1/10 SuperBlock Blocking Buffer (Pierce–Thermo 

Scientific) in DPBS). Biotinylated antigen was then added to selected wells: 100ng/well of 

A3PAA-biotin, B3PAA-biotin, or α-gal-PAA-biotin (Glycotech, Gaithersburg, MD) in 50µl 

incubation buffer (1/10 SuperBlock Blocking Buffer in DPBS). Following an overnight 

incubation at 4°C, plates were washed 6x with wash buffer. Streptavidin-horseradish 

peroxidase (SaV-HRP; 5ng/well; Southern Biotech, Birmingham, AL) was added to wells 

previously incubated with biotinylated antigen. For detection of total IgM ASC, HRP-

conjugated goat anti-human IgM antibody (µ-chain specific; 25ng/well; Southern Biotech) 

was added to the appropriate wells (Figure 2-3). Following 1-hour incubation at RT, plates 

were washed 6x with wash buffer and 2x with DPBS before incubation for 10 min at RT with 

AEC substrate (Sigma-Aldrich). Plates were then rinsed with distilled water (dH2O) and 

dried.  

 

2.6.6 Image Acquisition and Analysis of Spots 
 

Plates were scanned using a CTL ImmunoSpot Analyzer using ImmunoCapture 

software (version 6.3) (Cellular Technology Ltd., Shaker Heights, OH). The number of spots 

per well (each spot representing an antibody-secreting B cell) was quantified using 

ImmunoSpot software (version 5.0.3) (Cellular Technology Ltd.). Data were analyzed as the 

number of ASC normalized to ~100,000 viable input cells/ELISPOT well. Results are 

expressed as the number of IgM, anti-A, anti-B or anti-α-gal ASC, as well as the total 

number of IgM or IgG ASC. 

 

2.7 Protocol Optimization: Phospho-specific Flow Cytometry 
 

2.7.1 Stimulations & Treatments Used in Phospho-specific Flow Cytometry (PPF) Assay 
 

 Cells in the PPF assay were stimulated with combinations of the following: 1μg/ml, 

2.5μg/ml, 5μg/ml, 10μg/ml, 15μg/ml, or 20μg/ml of soluble affiniPure or AF488-labelled 
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F(ab')2 fragment goat anti-human IgM (Fc5μ fragment specific; Jackson ImmunoResearch), 

10μg/ml anti-IgM cross-linker (affinipure F(ab’)2 fragment donkey-anti goat IgG; Jackson 

ImmunoResearch), 10μg/ml of anti-Human IgM derived from a HB57 hybridoma cell line 

(specific for human mu heavy chain; ATCC, Manassas, VA), or 10μg/ml anti-Human IgM 

derived from a HB138 hybridoma cell line (specific for Fab portion of human IgM; ATCC). 

In addition, biotinylated F(ab')2 fragment goat anti-human IgM [Fc5µ fragment specific; 

Jackson ImmunoResearch) was bound to SaV microspheres and presented to Ramos cells.  

Other stimulators in the PPF assay included 2μg/ml of CpG ODN2006 (Invivogen), 

synthesized CD22L bound to a beta lacto globulin (BLG) carrier protein (Sigma-Aldrich) at 

1μg/ml, 2.5μg/ml, 5μg/ml and 20μg/ml. The CD22L-BLG conjugates were synthesized as 

part of an ongoing collaboration of the Glyconanotechnology in Transplantation (GNT) 

Group. CD22L conjugates were synthesized by the labs of Dr. Todd Lowary (CD22L 

synthesis) (154) and Dr. Chris Cairo (conjugation of CD22L to BLG). Both Dr. Lowary and 

Dr. Cairo are researchers in the Department of Chemistry at the University of Alberta and the 

Alberta Glycomics Centre. 

In addition to adding stimulators, Ramos cells were also incubated with 20μl (1:2 

dilution) of FITC-labeled anti-human CD22 (BD Biosciences) to examine whether this 

antibody would affect the signaling kinetics. 

 

2.7.2 PPF Assay 
 

 Ramos cells and FACS-sorted CD27+IgM+ and CD27-IgM+ B cells were used in the 

PPF assays. Ramos cells were collected from 37°C cell culture and the CD27+IgM+ and 

CD27-IgM+ B cells were isolated from thawed splenocyte samples on day 1 as per section 

2.4.2.5. The isolated cells were incubated overnight at 37°C in R-10 media (1.0x106 

cells/ml). Cells were washed 1x in R-10 media, counted using the MACSQuant flow 

cytometer, resuspended to 0.5x106 cells in 500μl R-10 media and placed in a 2ml eppendorf 

tubes (Fisher Scientific, Ottawa, ON). The cells were then placed at 37°C for 30 minutes to 

rest. Following, the appropriate stimulator was added (see section 2.7.1) to the cells at time 

points including: 0.5min, 1min, 2min, 4min, 6min, 8min, 10min, 12min, 15min, 16min, 

20min, 32min, 45min and 60min. To stop the reaction (at time point 0 seconds) 50μl of 16% 
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paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) was added to each sample. 

All samples were vortexed and incubated for 10 minutes at RT. 1 ml of 1xPBS (pH 7.4) was 

then added to each sample followed by centrifugation at 830xg for 5 minutes. PBS was 

discarded and 1 ml cold (< minus 20°C) >99% methanol (EMD Millipore) was added to the 

samples to permeate the cells, which were then vortexed and placed on ice for 10 minute 

incubation. Following incubation, 1 ml of PBS was added to the cells in methanol. Samples 

were vortexed, centrifuged at 830xg for 5 minutes, and their liquid discarded. 1.5ml FSB was 

then added followed by vortexing and centrifuging at 830xg for 5 minutes. Finally, cells were 

resuspended in FSB. All samples were stained (as per section 2.3.1) in 100μl FSB with 

relevant Phospho-specific antibodies and the corresponding isotypes. All samples were 

incubated with flow cytometric antibodies for 30 minutes at 4°C in the dark. Following 

incubation the cells were washed 2x in FSB, resuspended in 100μl and immediately run on 

the MACSQuant flow cytometer. 

 

2.7.3 Quantification of Intracellular Signals PLCγ2 (pY759) and CD22 (pY822) After PPF 

Assay 

 

To evaluate the level of phosphorylation of PLCγ2(pY759), located downstream the 

B cell receptor, and CD22(pY822), located on the intracellular tail of CD22, Phospho-

specific fluorescent antibodies were used: anti-PLCγ2(pY759)-Alexa Fluor (AF)488 or 

AF647 (clone: K86-689.37; BD Biosciences) and anti-CD22(pY822)-PE (clone:12a/CD22; 

BD Biosciences) (Figure 2-4). Data acquired were subsequently analyzed using FlowJo 

software.  

 

2.8 Neuraminidase Treatment of Cells 
 

2.8.1 Neuraminidase (from Arthrobacter ureafaciens) Treatment of Ramos Cells  
 

 Ramos cells were collected from 37°C cell culture, washed 1x in serum-free RPMI 

media (Invitrogen) and counted on the MACSQuant flow cytometer. After the count, the 

cells were washed 1x in 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) 

Buffered Saline (HeBs Buffer) [(HEPES (Sigma-Aldrich) + sodium chloride (NaCl) (Sigma-
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Aldrich)] and resuspended to 1-5x106 cells in 1ml HeBs buffer. Neuraminidase (sialidase) 

from Arthrobacter ureafaciens (Roche, Mississauga, ON) was added to cells at 20mU/ml, 

50mU/ml, or 100mU/ml to remove CD22L from the cell surface. The cells were vortexed 

and incubated with neuraminidase in a 37°C water bath for 30 minutes. Following incubation 

cells were washed 1x in HeBs + 1% bovine serum albumin (VWR International) and 1x in 

FSB. After last wash, cells were stained as per section 2.8.2 and analyzed on the on the 

MACSQuant flow cytometer. 

In addition, PPF assays were performed as per section 2.7.2. affiniPure F(ab')2 

Fragment Goat Anti-Human IgM (10μg/ml; Fc5μ fragment specific; Jackson 

ImmunoResearch) was used as the stimulator. Following the PPF assays, the quantification 

of the intracellular signals PLCγ2 (pY759) and CD22 (pY822) was performed as per section 

2.7.3. 

 

2.8.2 Analysis of Neuraminidase Treatment 
 

In order to quantify the expression of CD22L on the cell surface before and after 

neuraminidase treatment, cells were stained with 1μl undiluted Sambucus Nigra (SNA)-FITC 

lectin (Vector Labs, Burlington, ON) as per section 2.3.1. SNA binds preferentially to sialic 

acids attached to galactose in α-2,6 linkage and to a lesser degree, the α-2,3 linkage. Data 

acquired were subsequently analyzed using FlowJo software.  

 

2.9 Synthesizing Anti-IgM Coated Microspheres 
 

2.9.1 Attaching Anti-IgM to Streptavidin Microspheres 
 

 SaV coated microspheres (Polysciences, Warrington, PA) were used as a scaffold for 

the presentation of bound anti-IgM (biotinylated F(ab')2 fragment goat anti-human IgM [Fc5µ 

fragment specific; Jackson ImmunoResearch]) to Ramos cells. Using the biotin-binding 

capacity of the microspheres, the optimal concentration of anti-IgM was calculated and 

further titrated to reach maximum binding. SaV microspheres were washed 3x in 1ml 1xPBS. 

For all washes the microspheres were centrifuged at 10,000 rpm in the micro-centrifuge for 

10min at RT. After washing the microsphere aliquots (1 aliquot = 50x106 microspheres) were 
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resuspended to 0.5mg/ml in wash buffer. Various volumes of biotinylated anti-IgM (12μl, 

6μl, 3μl, 1.5μl, and 0.75μl; stock concentration: 1.7mg/ml) were added to each aliquot of 

microspheres. The microspheres and anti-IgM were incubated together at RT for 1 hour with 

gentle mixing every 20 minutes. After incubation the microspheres were washed 2x in PBS. 

The final wash was done in FSB in preparation for staining and detection of anti-IgM. In the 

case of preparing the microspheres for the PPF assay for stimulation of Ramos cells, the final 

wash was performed in R-10 media. 

 

2.9.2 Detection of Anti-IgM on Microspheres 
 

 In order to quantify the bound anti-IgM on the surface of the SaV microspheres after 

incubation, microspheres were washed 2x (as per section 2.9.1). The microspheres were then 

added with 100μl FSB and stained with 1μl of fluorescent AF647 F(ab')2 fragment donkey 

anti-goat IgG [H+L] (Jackson ImmunoResearch). The microspheres were incubated for 30 

minutes at 4°C in the dark. After incubation the microspheres were washed 1x in FSB and 

run on the MACSQuant Flow Cytometer. Data acquired were subsequently analyzed using 

FlowJo software.  

 

2.10 Statistical Analyses 
 

2.10.1 CD22 Expression on B cell Subsets of PBMCs 
 

Statistical analysis was performed with Graph Pad 5.0 using the Kruskal-Wallis Test 

followed by a post-hoc test using the Dunn’s Multiple Comparison Test. Statistical 

significance was expressed as p<0.05 (*). 

 

2.10.2 CD22 Expression on B cell Subsets of splenocytes 
 

Statistical analysis was performed with Graph Pad 5.0 using the One-way ANOVA 

followed by a post-hoc test using the Bonferroni. Statistical significance was expressed as 

p<0.05 (*) and p<0.0001 (***). 
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2.10.3 CD22 Expression and age correlation on B cell Subsets of splenocytes and PBMCs 
  

Statistical analysis was performed with Graph Pad 5.0 using the Spearman 

Correlation (rs). Statistical significance was expressed as p<0.0001 (***) and rs = - 0.599. 

 

2.10.4 Differences in CD22 Expression of CD27+IgM+ B cell Subsets 
 

Statistical analysis was performed with Graph Pad 5.0 using the Mann Whitney U 

Test (two-tailed). Statistical significance was expressed as p<0.05 (*).  
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2.11 Tables & Figures 

Table 2-1. Listing of staining antibodies used in this project 
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Table 2-2. B cell subsets based on expression of the cell surface markers CD19, IgM, 
CD27, IgD and CD38 
	

 

 

 

  

Phenotype B cell Subset
CD27-IgM-IgD- non-conventional memory B cells
CD27-IgM-IgD+ naïve B cells
CD27-IgM+IgD+ naïve B cells

*CD27-IgM+IgD+CD38high recent bone marrow emigrants
CD27+IgM- class-switched memory B cells
CD27+IgM+ memory B cells
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Figure 2-1. Gating strategy for characterizing B cell subsets in splenocyte and PBMC 
samples. First a doublet-discrimination was performed (not shown) followed by gating on 
total lymphocytes based on forward-scatter and side-scatter (not shown). B cells were 
defined as CD19 positive cells. CD19+ cells were further analyzed for the expression of 
CD27, IgM, IgD and CD38. The following B cell subsets have been delineated: CD27+IgM+ 
(non-class switched memory B cells), CD27+IgM- (class-switched memory B cells), CD27-

IgM+IgD+ (naïve B cells), CD27-IgM-IgD+ (naïve B cells), CD27-IgM-IgD- (precursor B 
cells) and CD27-IgM+IgD+CD38high. 
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Figure 2-2. Optimization of B cell isolation of CD27+IgM+ B cells from total splenocytes. 
CD19+ B cells were first isolated by negative selection from total splenocytes. The first 
protocol involved IgM+ Memory B cell isolation from the B cells. In addition we also tried to 
isolate CD27+ B cells via 2 different protocols: the first involved use of anti-CD27 magnetic 
microparticles and magnetic activated cell sorting (MACS). The second protocol used anti-
CD27-PE antibody followed by anti-PE magnetic microparticles and MACS. The addition of 
anti-IgA and anti-IgG magnetic micropartcles was also added to this protocol to further 
deplete the IgA and IgG expressing B cells. Lastly, we went on to perform fluorescent 
activated cell sorting (FACS) using anti-CD27 and anti-IgM antibodies to directly detect and 
isolate the CD27+IgM+ B cells and CD27-IgM+ B cells. 
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Figure 2-3. Outline of the B cell ELISPOT assay. (A) Antigen-specific IgM ELISPOT 
assay. Plates are coated with capture antibody (orange). B cells are deposited on the plate 
overnight. The secreted IgM antibody from the ASC (blue) is detected using 1 of 3 
biotinylated antigens shown here (black-red). Antigens are detected using streptavidin-HRP 
(green) and AEC substrate (brown). Lastly, the spots are quantified using the CTL 
ImmunoSpot Analyzer and a picture is taken of each well. (B) Total IgM ELISPOT assay. 
Plates are coated with capture antibody (orange). B cells are deposited on the plate overnight. 
Total secreted IgM antibody from the ASC (blue) is detected using an anti-IgM-HRP 
antibody (red-green) and AEC substrate (brown). Lastly, the spots are quantified using the 
CTL ImmunoSpot Analyzer and a picture is taken of each well. (Image adapted from: 
http://www.immunospot.com/) 
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Figure 2-4. Phosphorylated intracellular signaling proteins PLCγ2 (pY759) and CD22 
(pY822) upon anti-IgM stimulation in the PPF assay. BCR signaling is initiated by the 
binding of BCR antigen and subsequent phosphorylation of immunoreceptor tyrosine-based 
activation motif (ITAM) tyrosine residues; located on the cytoplasmic tails of Igα and Igβ. 
This ultimately leads to the phosphorylation of PLCγ2 (pY759) and CD22 (pY822). 
Phosphorylated proteins pY759 and pY822, are represented by black stars.  
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CHAPTER THREE: RESULTS - ANALYSIS OF PRIMARY B CELLS: CD22 
EXPRESSION, B CELL ISOLATIONS AND ELISPOT ANALYSIS 
 

3.1 Introduction 
 

 To set the stage for eventual study of the potential role of CD22 in donor-specific B 

cell tolerance in infants following ABOi HTx, we initially investigated the expression of 

CD22 on various B cell subsets in peripheral blood and spleen across the lifespan of normal 

healthy humans. Subsequently, we optimized a protocol for the isolation of CD22+ 

CD27+IgM+ B cells from total splenocytes of infants (as defined in our experiments as 

individuals < 2 years in age) and older individuals due to the observed increase in CD22 

expression in this particular B cell subset in infant samples. Lastly, a B cell ELISPOT assay 

was performed using the CD27+IgM+ and CD27-IgM+ splenic B cell subsets in attempt to 

determine the source of A/B antibody-secreting B cells. 

 

3.2 Frequencies of various B cell subsets from infancy to elderly 
 

First, we characterized various B cell subsets as relative frequencies of CD19+ B cells 

in the peripheral blood (n=49; age at time of sample: 3.5 months to 91 years) and spleen 

(n=40; age at time of sample: 4 days to 74 years) from the age of infancy to elderly. We 

sought to examine B cells at various stages in development; based on previous studies, the 

expression of CD27, IgM, IgD and CD38 was used to define the following B cell subsets: 

non-class-switched CD27+IgM+ memory B cells, class-switched CD27+IgM- memory B cells, 

(73) CD27-IgM-IgD-, (155) CD27-IgM-IgD+ and CD27-IgM+IgD+ naïve B cells. (150) The 

CD27-IgM+IgD+ naïve B cells were further analyzed to examine the CD27-

IgM+IgD+CD38high (RBE). (151) B cell frequency data is presented as median and 

interquartile range (IQR) in Table 3-1 and Table 3-2.  

 Our peripheral blood frequencies were consistent with a study by van Gent et al., (73) 

which also characterized B cell frequencies from peripheral blood in humans. In addition to 

peripheral blood B cell subsets, we examined B cell frequencies of subsets derived from the 

spleen. For the purposes of this project we will focus on the infant population. The frequency 

of the naïve B cell population (CD27-IgM+IgD+) contributed the largest B cell subset in 
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peripheral blood before the age of 2 years (median: 64.8%; IQR: 61.1-66.6). Likewise, naïve 

B cells made up the largest B cell subset in the spleen during infancy (median: 56.5%; IQR: 

49.7-59.3). Splenic RBE (CD27-IgM+IgD+ CD38high), a subset of naïve B cells, constituted 

three times the frequency (29.5%) compared to peripheral blood RBE (9.8%), consistent with 

findings that newly formed B cells emigrate from the bone marrow and home to the spleen 

for further maturation. (156) The CD27-IgM+IgD+ naïve B cell frequency decreased with age 

in B cells derived from both sources.  In contrast, the frequency of the CD27-IgM-IgD+ naïve 

B cells remained relatively consistent across age. Similar to our findings in the CD27+IgM+ B 

cells, van Gent et al. reported the peripheral blood CD27+IgM+IgD+ B cells to constitute the 

highest memory cell population at birth, reaching a peak at 1-2 years. The frequency of the 

splenic CD27+IgM+ memory B cell subset was higher than that of class-switched CD27+IgM- 

memory B cells before the age of 2 years.  

 

3.3 CD22 Expression on B cell subsets throughout the lifetime 
 

3.3.1 Differential expression of CD22 on spleen and peripheral blood B cell subsets 
 

 In mice, CD22 is present on the B cell surface beginning at the pre-B cell stage and is 

lost upon differentiation into plasma cells, (108, 109) and thus we were interested in 

examining the differential expression of CD22 on the various B cell subsets in humans 

(performed by analyzing the median fluorescent intensity (MFI) of CD22 by flow cytometry) 

(Figure 3-1). The expression of CD22 was analyzed on B cell subsets in both peripheral 

blood and spleen. In peripheral blood, CD27-IgM-IgD+ B cells had higher expression of 

CD22 compared to all other subsets, albeit not significant (Figure 3-2). In the spleen, 

CD27+IgM+ memory B cells had significantly higher expression of CD22 when compared to 

all other B cell subsets (p<0.05; Figure 3-3). In contrast, CD22 expression was significantly 

the lowest on the CD27-IgM-IgD- B cells (p<0.05). We were interested if the increased 

expression of CD22 on the CD27+IgM+ memory B cells could be correlated with age.  
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3.3.2 Levels of CD22 expression correlate with age in the CD27+IgM+ B cells 
 

 Next, we analyzed the MFI of CD22 on all B cell subsets across different ages. 

Interestingly, a significant correlation with age was observed for the splenic CD27+IgM+ B 

cell subset (p<0.0001; r=0.599). Infant samples had the highest expression of CD22 and 

expression decreased with age (Figure 3-4 (A)). In contrast to splenic B cells, this correlation 

was not found for peripheral blood CD27+IgM+ B cells (Figure 3-4 (B)). The splenocyte data 

is also shown comparing the splenic CD27+IgM+ B cells of the infant group (n=8) to the 

older individuals group (n=32) (Figure 3-5).  

 

3.4 Protocol optimization: B cell isolation of CD27+IgM+ B cells 
 

3.4.1 Negative selection of CD19+ B cells was performed prior to B cell isolation 
 

 Due to our findings that CD22 expression was highest on the CD27+IgM+ infant B 

cells derived from the spleen, we were interested in isolating these cells to further determine 

if the A/B antigen-specific B cells (ASC) were derived from this population. The A/B ASC 

are the B cells responsible for secreting antibodies specific for the A/B blood-group antigens. 

We tested several protocols to isolate the CD27+IgM+ B cell population from human 

splenocytes (Figure 2-2). In all protocols, we first isolated CD19+ B cells by negative 

selection. Magnetic isolation of CD19+ B cells without the use of columns (section 2.4.1.1) 

had similar purities to CD19+ isolation using automated Magnetic Activated Cell Sorting 

(MACS) (section 2.4.1.2) (Figure 3-6). Both methods resulted in CD19+ B cell purities that 

were greater than 95% and thus were used interchangeably in isolating CD19+ B cells from 

total splenocytes.  
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3.4.2 Various protocols used to isolate the CD27+IgM+ B cell population from total 
splenocytes 
 

3.4.2.1 A commercially available IgM+ memory B cell isolation kit was ineffective in 
isolating CD27+IgM+ B cells 
 

The first attempt to isolate IgM+ memory B cells involved a commercially available 

IgM+ memory B cell isolation kit from Miltenyi Biotec. The company’s data sheet stated that 

this kit could effectively isolate CD27+IgM+ B cells using a two-step protocol (section 

2.4.2.1). It included the negative selection of memory B cells followed by a positive selection 

for IgM+ memory B cells using MACS. The expression of CD27 and IgM on B cells was 

examined using flow cytometry. Following negative selection of memory B cells, the sample 

contained 61% CD27- B cells. (Figure 3-7(B)) According to the data sheet, this step should 

have completely depleted the CD27- B cell population. After positive selection of IgM+ B 

cells, the purity of the “CD27+IgM+ B cell fraction” was only 3% of the total population 

(Figure 3-7(C)); thus we proceeded with other protocols to try to improve the purity.  

 

3.4.2.2 PE conjugated anti-CD27 antibody and anti-PE antibody microbeads by MACS was 
a successful method for isolating CD27+ B cells 
 

 To isolate memory B cells based on CD27 expression, we first used a different 

commercial kit from Miltenyi Biotec. It included labeling B cells with anti-CD27 antibody 

magnetic microbeads followed by MACS to positively select for the CD27+ B cells (section 

2.4.2.2). Following the isolation (positive selection of CD27+ B cells) we were unable to 

detect CD27 expression on the B cells (Figure 3-8 (C)). The magnetic microbeads used in the 

isolation step may have blocked the binding sites for the detection antibodies used to check 

the purity of the isolated CD27+ B cells. Two different antibody clones were tested in order 

to detect CD27 (clones M-T271 and O323) and the same results were found with both. 

Because of the poor isolation results obtained using commercially available kits, we 

next used a different approach to isolate CD27+ B cells: B cells were labeled with PE 

conjugated anti-CD27 antibody and subsequently incubated with anti-PE antibody magnetic 

microbeads. MACS was used to positively select for CD27+ B cells (section 2.4.2.3). The 
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purity of the isolated CD27+ B cells using this method was higher (86%) (Figure 3-9 (C))  

than that using the commercial kits.  

 

3.4.2.3 Enrichment of IgM+ B cells followed by PE-conjugated anti-CD27 antibody and anti-
PE antibody microbeads and MACS isolation did not result in an enriched CD27+IgM+ B 
cell population 
 

 We wanted to further isolate the IgM+ B cells from the CD27+ B cell population. 

Because the protocol to isolate CD27+ memory B cells was based on positive selection, we 

decided to deplete IgA- and IgG-expressing B cells to enrich for IgM+ B cells. We depleted 

IgA- and IgG-expressing B cells together with non-CD19+-expressing B cells. We then 

isolated the CD27+ B cells using a PE-conjugated anti-CD27 antibody and anti-PE antibody 

magnetic microbeads. MACS was used to positively select for CD27+ B cells (section 

2.4.2.4). Following the isolation, the purity of the desired CD27+IgM+ B cell population was 

20%, with 57% of IgM- B cells remaining in our sample (Figure 3-10 (B)).  

 

3.4.2.4 Isolation by FACS resulted in high purities of CD27+IgM+ and CD27-IgM+ B cells 
 

 Because only low purities of CD27+IgM+ B cells were obtained using MACS, we 

moved on to a protocol using Fluorescent-Activated Cell Sorting (FACS). Isolated CD19+ B 

cells were stained with fluorescent anti-CD27 and anti-IgM antibodies and B cells were 

subsequently isolated by FACS (section 2.4.2.5). High purities of both CD27+IgM+ (93%) 

and CD27-IgM+ (96%) B cell populations were obtained following FACS (Figure 3-11 (B)).  

The highly pure populations of CD27+IgM+ and CD27-IgM+ B cells after FACS were 

then used in further functional assays, namely ELISPOT assays and the Phospho-specific 

flow cytometry assays (Chapter Four). 

 

3.5 B cell ELISPOT Assay 
 

The highest levels of CD22 were found to be expressed on the CD27+IgM+ B cell 

splenocyte subset from infants, an age at which ABOi HTx can be safely performed. Due to 

donor-specific B cell tolerance in infants following ABOi HTx, we were interested in 
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investigating whether the increased expression of CD22 on these cells, played a role in B cell 

tolerance. First, it was necessary to establish whether this subset contained the A/B-specific 

ASC (plasma cells). Plasma cells are terminally differentiated cells that develop from 

plasmablasts. They secrete antibodies at high rates and no longer respond to antigen. (60-62) 

As previously mentioned, the A/B-specific ASC secrete antibodies directed at the A/B blood-

group antigens.  

Our results above demonstrate that the CD27+IgM+ and CD27-IgM+ B cells could be 

isolated with high purities. Therefore, we wanted to test the isolated cell populations for the 

presence of A/B-specific ASC using a B cell ELISPOT assay. Very few ASC are expected to 

be present in peripheral blood or spleen. (60, 157) However, culture of splenic or peripheral 

blood B cells in the presence of cytokines and mitogens has been shown to result in their 

differentiation into ASC (plasmablasts, plasma cells; (153, 158)). Using the ELISPOT assay 

we assessed the frequency of A/B-specific ASC, as well as proliferation and phenotype of 

splenic CD27+IgM+ and CD27-IgM+ B cells following culture with cytokines (IL-2, IL-10 

and IL-15) and CpG mitogen. 

 

3.5.1 Stimulation with CpG, IL-2, IL-10 and IL-15 results in B cell proliferation and 
changes in surface expression of CD22 in adult CD27+IgM+ and CD27-IgM+ B cells 
 

 We assessed the proliferation of isolated cells in our ELISPOT assay to ensure that the 

selected culture conditions were sufficient in stimulating our cells. We also examined the 

surface expression of CD22 and CD27 to analyze the changes that occurred in the 7-day 

culture. Adult splenic B cells were stained with proliferation dye and FACS-sorted (section 

3.4.2.4) to yield CD27+IgM+ and CD27-IgM+ B cell subsets. After a 7-day cell culture period 

with CpG, IL-2, IL-10 and IL-15, we analyzed the proliferation of these B cell subsets by 

flow cytometry and examined their CD22 and CD27 expression after culture. Unstimulated 

cells and cells cultured with only cytokines were used as controls. As shown in Figure 3-12 

(A and B), stimulation with CpG, IL-2, IL-10 and IL-15 resulted in proliferation of both the 

CD27+IgM+ and CD27-IgM+ B cells. Additionally, CD22 expression increased (more 

substantially in the CD27-IgM+ B cells) within the early divisions, followed by a decrease in 

CD22 expression on subsequent divisions (both subsets) suggesting that these cells may no 

longer be susceptible to CD22 inhibition after 7-day culture (Figure 3-13 (A and B)). This 
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data is important in future experiments because changes in the expression levels of CD22 on 

B cells, either an increased or decreased expression, can be combined with additional data 

such as the amount of A/B antibody production of the ASC.  

 Within the CD27-IgM+ B cell subset, a small portion (11%) of proliferating B cells 

expressed CD27 on their surface after stimulation and 7-day culture (Figure 3-14 (B)). It is 

important to note that the surface expression of CD27 changes as we are using this surface 

marker to distinguish between our 2 subsets, CD27+IgM+ and CD27-IgM+ B cells, and 

compare results. 

 

3.5.2 A/B antibody-secreting B cells are primarily derived from the CD27+IgM+ B cells of 
infant and adult spleen 
 

 Prior to ELISPOT analysis, CD19+ B cells were isolated from total splenocytes, 

followed by MACS (with PE-conjugated anti-CD27 antibody and anti-PE antibody 

microbeads) or FACS protocols to yield isolated CD27+IgM+ and CD27-IgM+ B cell subsets 

(section 2.4). Following 6-7 days of culture with CpG, IL-2, IL-10 and IL-15, cells were 

counted and cultured overnight on ELISPOT plates. The number of spots representing ASC, 

derived from cells of the CD27-IgM+ and CD27+IgM+ populations, was quantified. Spots 

represent total IgM ASC and IgM ASC specific to A-antigen, B-antigen and α-gal-antigen. α-

gal-specific ASC were assessed as a control since all individuals should contain α-gal 

specific memory B cells. (159) Results are presented for 3 experiments with a total of 9 

separate samples from individuals ranging in age from 0.5 years to 66 years and comprising 

various blood types (Table 3-3). A general trend was observed in the samples when 

comparing the CD27+IgM+ and CD27-IgM+ B cell populations: the ASCs specific for A/B 

and α-gal were predominantly derived from the CD27+IgM+ B cell subset. In addition, there 

was a greater number of IgM ASC from the CD27+IgM+ subset compared with the CD27-

IgM+ subset. (Figures 3-15 to 3-17). Despite protocol optimization, issues emerged with 

background binding on the ELISPOT plate, primarily with blood type A samples. The	

possibility	that	these	could	be	auto‐antibodies	should	be	considered,	but	it	is	more	likely	due	to	

technical	issues.	Nevertheless,	this	issue	needs	more	attention	when	moving	forward	with	these	

experiments. 

 



 51

3.6 Summary 
 

 Examination of CD22 expression on human B cell subsets across the lifespan 

demonstrated that infant CD27+IgM+ splenic B cells had the highest expression of CD22 

when compared to all other splenic B cell subsets. An increased expression of CD22 on these 

infant B cells raised further questions as to whether the increased expression was involved in 

donor-specific B cell tolerance seen in infants following ABOi HTx. 

We next developed a protocol to isolate CD27+IgM+ B cells in attempts to study these 

cells more closely in functional assays. Initial attempts to isolate the cells by MACS, using 

commercial isolation kits or PE-conjugated anti-CD27-antibodies and anti-PE antibody 

magnetic microbeads with or without anti-IgA and anti-IgG antibodies, failed to yield a pure 

population of CD27+IgM+ B cells. We ultimately determined that an effective protocol for 

isolating this B cell population was direct labeling of CD27 and IgM using fluorescent 

antibodies followed by FACS; this protocol yielded high purities (greater than 90%) of 

CD27+IgM+ and CD27-IgM+ B cells, allowing us to further study these individual subsets in 

functional assays, such as the ELISPOT. 

 Lastly, after 7-day culture with CpG, IL-2, IL-10 and IL-15, ELISPOT analysis 

revealed that A/B specific IgM ASCs were predominantly derived from CD27+IgM+ B cells. 

This was an important finding as there is little knowledge in the literature about the ABO 

ASC and their specific origin. Additionally, this new knowledge about the increased 

expression of the co-inhibitory CD22 molecule on these infant B cells, shown here to contain 

the A/B-specific ASC, may suggest that CD22 plays a role in B cell tolerance induction in 

the setting of infant ABOi transplantation.  
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3.7 Tables & Figures 

Table 3-1. Frequency of peripheral blood B cell subsets in different age groups  

Frequency of various peripheral blood B cell subsets (as a percentage of all CD19+ B cells) is 
shown for distinct age groups listed as medians (upper line) and as the corresponding 
interquartile range (25th and 75th percentiles) (lower line). *CD27-IgM+IgD+CD38++ B cells 
are expressed as a percentage of all CD27-IgM+IgD+ B cells. 
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Table 3-2. Frequency of splenic B cell subsets in different age groups 

Frequency of various splenic B cell subsets (as a percentage of all CD19+ B cells) is shown 
for distinct age groups listed as medians (upper line) and as the corresponding interquartile 
range (25th and 75th percentiles) (lower line). *CD27-IgM+IgD+CD38++ B cells are expressed 
as a percentage of all CD27-IgM+IgD+B cells. 
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Table 3-3. Outline of ELISPOT experiments  

Total IgM antibody-secreting cells (ASC), IgM ASC specific for A, B antigens and α-gal 
antigen following culture of isolated CD27-IgM+ and CD27+IgM+ B cells. 1MACS: magnetic-
activated cell sorting, FACS: fluorescent-activated cell sorting. 
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Figure 3-1. CD19+ B cells within this study expressed the surface molecule CD22. B cells 
were stained with fluorescent antibodies against CD22, CD27, IgM, IgD and CD38. The 
level of CD22 expression was investigated on the indicated (A) PBMC and (B) splenic B cell 
subsets by flow cytometry. CD22 expression is represented by a right shift in the histograms 
(gating was performed as depicted in Figure 2-1). Shown are 2 randomly selected samples.
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Figure 3-2. CD22 expressed amongst the peripheral B cell subsets. B cells from 
peripheral blood (n=49; age: 3.5 months – 91 years) were stained with fluorescent antibodies 
against CD22, CD27, IgM, IgD and CD38. The level of CD22 expression was analyzed on 
the indicated B cell subsets by flow cytometry (gating was performed as depicted in Figure 
2-1). Due to the non-normal distribution of the data, the Kruskal-Wallis statistical test was 
used. Upon post-hoc testing with the Dunn’s Multiple Comparison test, no significant 
differences were found amongst B cell subsets. CD22 expression is represented as median 
fluorescence intensity (MFI).  
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Figure 3-3. CD22 expression was highest on splenic CD27+IgM+ B cells and lowest on 
splenic CD27-IgM-IgD- B cells. B cells from the spleen (n=40; ages: 4 days – 74 years) were 
stained with fluorescent antibodies against CD22, CD27, IgM, IgD and CD38. The level of 
CD22 expression level was analyzed on the indicated B cell subsets by flow cytometry 
(gating was performed as depicted in Figure 2-1). CD22 expression was significantly 
different amongst the splenic B cell subsets (***p<0.0001; One-way ANOVA). Upon further 
post-hoc testing using the Bonferroni test, CD22 expression was significantly higher on the 
CD27+IgM+ B cell subset (*p<0.05) and significantly lower on the CD27-IgM-IgD- B cell 
subset (*p<0.05) when compared to all other B cell subsets. CD22 expression is represented 
as median fluorescence intensity (MFI). 
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Figure 3-4. CD22 expression of splenic CD27+IgM+ B cells, but not of peripheral blood 
CD27+IgM+ B cells, was correlated with age. CD22 expression level was analyzed on 
CD27+IgM+ B cells from the spleen and peripheral blood by flow cytometry (gating was 
performed as depicted in Figure 2-1). (A) A significant negative correlation between CD22 
expression and age was observed in splenic CD27+IgM+ B cells (p<0.0001; rs = - 0.599; 
Spearman correlation). CD22 expression was highest in CD27+IgM+ infant B cells and 
expression decreased with age. (B) No significant correlation was observed for CD27+IgM+ 
peripheral blood B cells. CD22 expression is represented as median fluorescence intensity 
(MFI).  
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Figure 3-5. CD22 expression on infant CD27+IgM+ splenic B cells was significantly 
higher than on CD27+IgM+ B cells of older individuals. CD22 expression level was 
analyzed on CD27+IgM+ B cells from the spleen by flow cytometry (gating was performed as 
depicted in Figure 2-1). Using a 2-tailed Mann Whitney U Test, a significant difference in 
the expression of CD22 was observed between CD27+IgM+ infant (≤ 2 years) B cells (n=8) 
and older individuals (>2 years) (n=32) (*p<0.05). CD22 expression is represented by 
median fluorescence intensity (MFI).  
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Figure 3-6. CD19+ B cell isolation purities were similar between magnetic sort and 
automated MACS. CD19+ B cells were isolated from total splenocytes by means of (A) 
magnetic isolation of CD19+ B cells without the use of columns or (B) isolation using 
automated MACS. The level of CD19 expression within total splenocytes was analyzed by 
flow cytometry before (red line) and after B cell isolation (blue line), and is represented by a 
right shift in the histograms. 
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Figure 3-7. IgM+ Memory B cell isolation using an isolation kit was ineffective at sorting 
the IgM+ Memory B cells. IgM+ Memory B cells were isolated from total splenocytes 
(adult) using an IgM+ Memory B cell isolation kit. The expression of CD27 and IgM was 
analyzed on (A) the total splenocyte fraction prior to isolation, (B) the “Memory B cell 
fraction” after negative selection of Memory B cells, and lastly (C) the “IgM+ Memory B cell 
fraction” following positive selection for IgM. Data are representative of 3 experiments.  
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Figure 3-8. CD27+ Memory B cell isolation using an isolation kit was ineffective at 
sorting the CD27+ B cells. CD19+ B cells were negatively selected from total splenocytes 
(adult) and labeled with anti-CD27 magnetic microbeads followed by MACS. Using flow 
cytometry methods we analyzed CD27 expression, represented by a right shift in the 
histograms, (A) within the total splenocyte population prior to isolations, (B) following 
negative selection of the CD19+ B cells and (C) following positive selection with CD27-PE 
magnetic microbeads: the CD27+ B cell population. (D) The non-CD27+ B cell population 
shown following positive selection using CD27-PE magnetic microbeads. Red lines represent 
isotype controls and blue lines represent experimental samples. Data are representative of 3 
experiments.  
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Figure 3-9. CD27+ Memory B cell isolation, with CD27-PE antibody + anti-PE magnetic 
microbeads and MACS, was effective at sorting the CD27+ B cells. CD19+ B cells were 
negatively isolated from total splenocytes (adult) and labeled using CD27-PE antibody + 
anti-PE magnetic microbeads followed by MACS. Using flow cytometry methods we 
analyzed the level of CD27 expression, represented by a right shift in the histograms, (A) 
within the total splenocyte population, (B) following negative selection of CD19+ B cells 
and (C) following positive selection with CD27-PE antibody and anti-PE magnetic 
microbeads. (D) The non-CD27+ B cell population is shown following positive selection 
using CD27-PE antibody and anti-PE magnetic microbeads. Red lines represent isotype 
controls and blue lines represent experimental samples. Data are representative of 3 
experiments.  
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Figure 3-10. CD27+IgM+ B cell isolation, using anti-CD27-PE, anti-PE magnetic 
microbeads and anti-IgA/anti-IgG antibodies and MACS, was ineffective at sorting the 
CD27+IgM+ B cells. CD19+ B cells were negatively selected from total splenocytes (adult). 
In addition to the negative selection step, we added anti-IgA and anti-IgG antibodies to this 
protocol to also deplete IgA- and IgG-expressing B cells. We then labeled with CD27-PE 
antibody + anti-PE magnetic microbeads followed by MACS. Using flow cytometry 
methods, we analyzed the co-expression of CD27 and IgM (A) within the total splenocyte 
population and (B) following positive selection of CD27+ B cells with CD27-PE antibody, 
anti-PE magnetic microbeads and anti-IgA and anti-IgG antibodies. Data are representative 
of 5 experiments.  
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Figure 3-11. FACS resulted in high purities of CD27+IgM+ and CD27-IgM+ B cells. 
CD19+ B cells were negatively selected from total splenocytes (adult) and labeled with 
fluorescent anti-CD27 and anti-IgM antibodies. Labelled B cells were then sorted by FACS. 
Using flow cytometry methods we analyzed the expression of CD27 and IgM within (A) the 
total splenocyte population and (B) the CD27+IgM+ and CD27-IgM+ B cell populations 
following FACS. (C) An overlay of the CD27+IgM+ and CD27-IgM+ B cell populations. Data 
are representative of 12 experiments.  
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Figure 3-12. CpG, IL-2, IL-10 and IL-15 stimulation resulted in proliferation of 
CD27+IgM+ and CD27-IgM+ B cells (adult). (A) Splenic CD27-IgM+ and (B) CD27+IgM+ 
B cells were isolated by FACS (CD27+IgM+ purity: 91.5%; CD27-IgM+ purity: 89.7%), as 
per section 3.4.2.3. Following isolation, the cells were cultured for 7 days with CpG, IL-2, 
IL-10 and IL-15 stimulation (middle columns) and compared to unstimulated (left columns) 
and cytokine-only stimulation controls (right columns). Proliferation and surface expression 
of CD22, IgM and CD27 were measured by flow cytometry. Proliferating cells are 
represented by successive halving of the expression of VioBlue proliferation dye. Data are 
representative of 3 experiments. 
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Figure 3-13. CD22 expression decreases on proliferating B cells (adult). Splenic 
CD27+IgM+ and CD27-IgM+ B cells were isolated by FACS (CD27+IgM+ purity: 91.5%; 
CD27-IgM+ purity: 89.7%), as per section 3.4.2.3. Following isolation, the cells were 
cultured for 7 days with CpG, IL-2, IL-10 and IL-15 stimulation. Proliferation and surface 
expression of CD22 was measured by flow cytometry. CD22 expression on proliferating (A) 
CD27-IgM+ and (B) CD27+IgM+ B cells. Proliferation represented by successive halving of 
the expression of VioBlue proliferation dye. Data from Figure 3-12. 
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Figure 3-14. A percentage of proliferating CD27- B cells became CD27+ after culture 
with CpG, IL-2, IL-10 and IL-15. Splenic CD27+IgM+ and CD27-IgM+ B cells were 
isolated by FACS (CD27+IgM+ purity: 91.5%; CD27-IgM+ purity: 89.7%), as per section 
3.4.2.3. Following isolation, the cells were cultured for 7 days with CpG, IL-2, IL-10 and IL-
15 stimulation. Proliferation and surface expression of CD27 was measured by flow 
cytometry. Proliferating (A) CD27-IgM+ and (C) CD27+IgM+ B cells are represented by 
successive halving of the expression of VioBlue proliferation dye. CD27 expression was 
analyzed within the proliferating cells of the (B) CD27-IgM+ and (D) CD27+IgM+ B cells. 
Data are representative of 3 experiments. Data from Figure 3-12.  
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Figure 3-15. ELISPOT of CD27-IgM+ and CD27+IgM+ B cells isolated from splenocytes 
from a blood type O individual (18 years of age) by MACS. (Section 3.4.2.3.) The MACS 
purities were: CD27-IgM+: 45.7% (CD27- cells in this population were 83%) and 
CD27+IgM+: 12.4% (CD27+ cells in this population were 85%).  Following 7 days of culture 
with CpG, IL-2, IL-10 and IL-15, cells were counted and cultured overnight on ELISPOT 
plates. (A) Antibody-secreting cell (ASC) spots derived from cells isolated from the CD27-

IgM+ (130,000 viable cells per well) and CD27+IgM+ (80,000 viable cells per well) 
populations. Spots represent total IgM ASC and IgM ASC specific to A-antigen (A-PAA), B-
antigen (B-PAA) and α-gal-antigen (α-gal-PAA). (B) Number of IgM ASC specific to A-, B- 
and α-gal and (C) number of total IgM A/B ASC derived from CD27-IgM+ and CD27+IgM+ 
B cells are shown again for comparison. 
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Figure 3-16. B cell ELISPOT of CD27-IgM+ and CD27+IgM+ B cells isolated from 
splenocytes from a blood type A individual (66 years of age) by MACS. (Section 3.4.2.3.) 
The MACS purities were: CD27-IgM+: 32.1% (CD27- cells in this population were 78%) and 
CD27+IgM+: 26.4% (CD27+ cells in this population were 93%).  Following 7 days of culture 
with CpG and cytokines, cells were counted and cultured overnight on ELISPOT plates. (A) 
ASC spots derived from cells isolated from the CD27-IgM+ (80,000 viable cells per well) and 
CD27+IgM+ (70,000 viable cells per well) populations. Spots represent total IgM ASC and 
IgM ASC specific to A-antigen (A-PAA), B-antigen (B-PAA) and α-gal-antigen (α-gal-
PAA). (B) Number of IgM ASC specific to A-, B- and α-gal and (C) number of total IgM 
A/B ASC derived from CD27-IgM+ and CD27+IgM+ B cells are shown again for comparison. 
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Figure 3-17. B cell ELISPOT of CD27-IgM+ and CD27+IgM+ B cells isolated from 
splenocytes from a blood type A individual (21 years of age) by FACS. (Section 3.4.2.4) 
The FACS purities were: CD27-IgM+: 97.2% and CD27+IgM+: 85.5%.  Following 7 days of 
culture with CpG and cytokines, cells were counted and cultured overnight on ELISPOT 
plates. (A) ASC spots derived from cells isolated from the CD27-IgM+ (70,000 or 60,000 
viable cells per well) and CD27+IgM+ (130,000 viable cells per well) populations. Spots 
represent total IgM ASC and IgM ASC specific to A-antigen (A-PAA), B-antigen (B-PAA) 
and α-gal-antigen (α-gal-PAA). (B) Number of total IgM ASC and (C) number of IgM ASC 
specific to A-, B- and α-gal derived from CD27-IgM+ and CD27+IgM+ B cells. 
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CHAPTER FOUR: RESULTS - PHOSPHO-SPECIFIC FLOW CYTOMETRY (PPF) 
ASSAYS TO STUDY INFANT B CELL SIGNALING 
 

4.1 Introduction 
 

As previous results from Chapter three demonstrated an increased expression of 

CD22 on the CD27+IgM+ B cells of infants, coupled with the previously defined role of 

CD22 as an co-inhibitory molecule of the B cell, (2) we sought to determine if the increased 

expression on infant B cells had an effect on B cell signaling. To begin our investigation, we 

first optimized a PPF assay, designed to study immune cell signaling, (160) in Ramos cells 

upon BCR and/or CD22 stimulation. 

This chapter describes various stimulations used in the PPF assay and subsequent 

examination of the signaling kinetics downstream the BCR (pY759) and CD22 (pY822). 

Optimization of the PPF assay in Ramos cells will allow us to move this technique into 

primary B cells and closely examine signaling patterns of infants and older individuals. 

 

4.2 Results: Protocol optimization of PPF assays 
  

4.2.1 Ramos cells express CD19, CD22, CD27 and IgM cell surface markers 
 

 We used a Ramos cell line to optimize the PPF assay and examine B cell signaling. 

We chose this particular cell line as it had been shown to bind both anti-IgM and α2,6-linked 

sialic acids, (161) also known as CD22L. We investigated cell surface expression of CD19, 

CD22, CD27 and IgM and confirmed that Ramos cells were positive for these markers. (162-

164) (Figure 4-1. Expression of CD22 and IgM on Ramos cells is crucial because our 

experimental design would later involve engagement of both the BCR (with anti-IgM) and 

CD22 (with CD22L) to study the direct effect of CD22 signaling on B cell signaling. 

 

4.2.2 BCR stimulation with anti-IgM Ab initiates distinct signaling kinetics in Ramos cells 
 

 First, Ramos cells were stimulated using various concentrations of F(ab’)2 fragment 

goat-anti human IgM antibody (Ab). Phosphorylation of the intracellular epitope pY759 

(PLCγ2) was analyzed to determine B cell activation at several time points after BCR 
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stimulation. (129) With increasing concentrations of anti-IgM antibodies from 1µg/ml to 

10µg/ml, a respective increase in the MFI of phosphorylated PLCγ2 was observed (Figure 4-

2). Concentrations higher than 10µg/ml did not further increase the MFI, suggesting optimal 

B cell activation at this concentration. Therefore, we used 10µg/ml anti-IgM Ab stimulation 

in future PPF assays, consistent with previous studies.(165, 166)  

 Kinetics of PLCγ2 (pY759) phosphorylation showed a rapid increase in phosphorylated 

pY759 within the first four minutes after stimulation. The phosphorylation peaked at 12 

minutes followed by a gradual decrease (Figure 4-3). We also examined the phosphorylation 

of pY822, a tyrosine residue located within the ITIM of CD22. As we were not directly 

stimulating through CD22 at this point, we did not expect to see the same level of 

phosphorylation as in the pY759. However, we did expect to see some phosphorylation as 

previous studies have shown that crosslinking of the BCR results in the rapid 

phosphorylation of CD22. (4, 167) Indeed, a rapid increase in MFI in the first four minutes 

was observed for pY822 phosphorylation after BCR stimulation. Similar to pY759, the MFI 

of pY822 also peaked at 12 minutes (Figure 4-4). 

 We tested anti-IgM Ab stimulation in combination with anti-IgM cross-linker (F(ab’)2 

fragment donkey-anti goat IgG; 10µg/ml) to test whether further cross-linking the BCR 

would enhance the phosphorylation of pY759 and pY822.  Kinetics of pY759 

phosphorylation was not affected by the addition of anti-IgM cross-linker but differences 

were observed for the level of pY759 phosphorylation: the MFI of pY759 was lower in the 

combined stimulation compared to anti-IgM Ab stimulation alone. Kinetics and the MFI of 

pY822 were similar between anti-IgM Ab alone and the combined stimulation (Figure 4-5A). 

In additional experiments we tested anti-IgM Ab derived from two separate commercial 

hybridoma cells lines (clones: HB57 and HB138). Although stimulation of Ramos cells with 

this anti-IgM Ab resulted in an increased MFI of pY759, the MFI was much lower than the 

MFI observed after stimulation with the F(ab’)2 fragment (Figure 4-5 (B) and (C)). Thus 

according to the conditions tested, stimulation of Ramos cells with 10µg/ml affinipure 

F(ab’)2 fragment goat-anti human IgM resulted in maximal phosphorylation of pY759 as well 

as phosphorylation of pY822. As we move forward with the PPF assay in our primary cells 

we can begin with stimulation of the BCR using 10µg/ml affinipure F(ab’)2 fragment goat-

anti human IgM.  
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4.2.3 Ramos cells can be stimulated with anti-IgM Ab bound to SaV-coated microspheres 
 

 In order for CD22 to bind CD22L and subsequently inhibit the activation of the B 

cell, CD22L must be in close proximity to the B cell antigen. (129) In an experimental 

setting, a platform is required onto which both anti-IgM and CD22L can be added. We 

explored the use of streptavidin (SaV)-coated microspheres for this purpose. We bound 

biotinylated F(ab’)2 fragment goat-anti human IgM Ab onto SaV microspheres. The 

maximum binding capacity of anti-IgM Ab to 50x106 microspheres was a volume of 3μl 

(stock concentration: 1.7μg/μl) (Figure 4-6). Ramos cells were stimulated with anti-IgM Ab 

coated microspheres (ratio: 1 Ramos cell: 100 microspheres) for five minutes. Stimulation 

with anti-IgM Ab bound to microspheres resulted in an increase in pY759 phosphorylation 

compared to the unstimulated control; however, the level of phosphorylation was lower 

compared to stimulation with the soluble anti-IgM Ab control (Figure 4-7). Further studies 

are underway to increase the efficiency of this assay, including the titration of Ramos cell to 

microsphere ratio and the addition of biotinylated CD22L onto the microspheres along with 

the anti-IgM Ab. 

 

4.2.4 The TLR9 pathway did not affect the signaling kinetics of PLCγ2 (pY759) and CD22 
(pY822) 
 

To investigate whether the observed signaling kinetics of PLCγ2 and CD22 were 

specifically due to BCR engagement and subsequent activation we tested CpG DNA, an 

additional stimulator of B cells, as a negative control. CpG DNA stimulates B cells through 

TLR9 (168) and activates a different signaling cascade that does not involve PLCγ2. As 

expected, the MFIs for both pY759 and pY822 remained unchanged, indicating that 

phosphorylation of these proteins in our system is specifically not due to activation through 

the TLR signaling cascade (Figure 4-8).  

 

4.2.5 Approaches to study the effect of CD22 binding on downstream signaling 
 

 Next we used a couple of approaches to determine the effects of CD22 binding on 

downstream signaling and B cell inhibition. These experiments included: neuraminidase 
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treatment of Ramos cells to cleave the CD22-CD22L cis bindings on the cell surface, in order 

to free up CD22 so it could engage the BCR and inhibit the BCR signal (129) and the 

incubation our Ramos cells with high avidity ligands to promote CD22-CD22L binding in 

trans to assess whether this interaction could inhibit the BCR signal. (129)  

We assessed CD22L expression on Ramos cells with and without neuraminidase 

treatment. Ramos cells had high expression of CD22L, which decreased after treatment with 

neuraminidase (Figure 4-9). The signaling kinetics of pY759 in neuraminidase treated Ramos 

cells was comparable to that of untreated Ramos cells (Figure 4-10 (A)). This suggests that 

releasing CD22 from its cis bindings by treatment with neuraminidase was not enough to 

inhibit the B cell signal. In contrast, phosphorylation of pY822 of treated cells tended to be 

lower at all time points when compared to untreated controls, albeit not significantly (Figure 

4-10 (B)). These findings may suggest that the disrupted CD22-CD22L cis bindings 

following neuraminidase treatment resulted in a lowered pY822 signal. 

As CD22 was said to be involved in B cell tolerance in vivo upon exposure of a high 

affinity ligands presented in trans, (2) we sought to engage CD22 in a similar way. To do so, 

we used CD22L conjugates generated through an ongoing GNT collaboration. CD22L was 

bound onto a BLG protein carrier in high or low binding densities. Ramos cells were 

stimulated for 12 minutes with CD22L-BLG conjugates at various concentrations and were 

compared to non-CD22L-BLG stimulated controls. The cells were also stimulated with anti-

IgM Ab in order to determine if addition of the conjugates could inhibit the BCR signal. 

Addition of CD22L-BLG conjugates had no effect on the pY759 phosphorylation of Ramos 

cells at any of the concentrations tested Figure 4-11 (A). If they were to effectively inhibit 

the B cells, we would expect a decreased phosphorylation of pY759. (48) Similarly, there 

was no effect of the CD22L-BLG conjugates on the pY822 phosphorylation. In this case we 

might expect an increase in phosphorylation of pY822 should CD22 engage its ligand 

(Figure 4-11 (B)). These results may indicate that the CD22L did not bind the CD22 on the 

Ramos cells or that the BCR and CD22 need to be cross-linked. Further studies are necessary 

to determine whether presenting CD22L in this manner can effectively bind the CD22 on 

Ramos cells and result in alterations of the signaling kinetics: an increased pY822 and 

decreased pY759. 
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4.3 Summary 
 

 We successfully set up a PPF protocol in Ramos cells to analyze signaling responses 

of the BCR (PLCγ2, pY759) and CD22 (pY822) upon stimulation with anti-IgM Ab. We are 

currently further optimizing this protocol for use in primary B cells of infants and adults 

(Appendix A) to define B cell signaling kinetics in these populations. Additional PPF studies 

involving CD22 engagement, including the effective use of CD22L conjugates on BLG 

proteins or SaV microspheres in conjunction with anti-IgM, are also underway. With this 

information we hope to begin to understand B cell signaling differences between infants and 

older individuals to further elucidate B cell tolerance mechanisms following infant ABOi 

HTx. 
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4.4 Figures 

 

Figure 4-1. Ramos cells expressed surface markers CD19, CD22, CD27 and IgM. Cells 
were stained with antibodies directed against CD19, CD22, CD27 and IgM. Using multi-
colour flow cytometry we evaluated the expression levels of CD22, CD27 and IgM within 
the CD19+ B cells. The orange line represents isotype controls and the red line represents 
unstained Ramos cells. Data are representative of 4 experiments. 
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Figure 4-2. 10μg/ml anti-IgM Ab was optimal stimulation of Ramos cells in the 
Phospho-specific flow (PPF) assay. Ramos cells were stimulated with various 
concentrations of anti-IgM Ab: 1, 2.5, 5, 10, 15 and 20μg/ml for the duration of 0.5, 1, 2, 4, 
8, 12 and 16 minutes. Following stimulation, the cells were fixed, permeabilized and stained 
with anti-PLCγ (pY759) Ab to analyze the level of pY759 phosphorylation, represented as 
the median fluorescent intensity (MFI) of PLCγ2 (pY759). Data from a single experiment are 
shown.  
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Figure 4-3. PLCγ2 (pY759) signaling kinetics of Ramos cells upon anti-IgM Ab 
stimulation. Phosphorylation of the intracellular epitope pY759 (PLCγ2) was determined by 
flow cytometry at the indicated time points following stimulation with anti-IgM Ab. The 
level of pY759 phosphorylation is represented as the MFI of PLCγ2 (pY759) minus the MFI 
of the isotype control. Median and standard error are shown. Data represent eight 
experiments.  
 

 

 

 

 

 

 

 

  



 82

 

Figure 4-4. CD22 (pY822) signaling kinetics of Ramos cells upon anti-IgM Ab 
stimulation. Phosphorylation of the intracellular epitope pY822 (CD22) was determined by 
flow cytometry at the indicated time points following stimulation with anti-IgM Ab. The 
level of pY822 phosphorylation is represented as the MFI of CD22 (pY822) minus the MFI 
of the isotype control. Median and standard error are shown. Data represent eight 
experiments.  
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Figure 4-5. Anti-IgM Ab (Fab’)2 stimulation alone was optimal in inducing PLCγ2 
(pY759) and CD22 (pY822) signaling kinetics in PPF assay of Ramos cells. Ramos cells 
were stimulated with (A) a combination of anti-IgM antibodies (affinipure F(ab’)2 fragment 
goat-anti human IgM) and anti-IgM cross-linker (affinipure F(ab’)2 fragment donkey-anti 
goat IgG), (B) anti-IgM Ab (clone HB57; derived from a hybridoma cell line) or (C) anti-
IgM (clone HB138; derived from a hybridoma cell line) for the duration of the indicated time 
points. Signaling kinetics of PLCγ2 and CD22 are presented as the MFI of pY759 and 
pY822, respectively (minus the MFI of the isotype controls). Anti-IgM Ab (affinipure F(ab’)2 
fragment goat-anti human IgM) stimulation alone was used as a control. Median and standard 
error are shown. Data represent three experiments. 
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Figure 4-6. Bound biotinylated anti-IgM Ab could be detected on SaV microspheres. 
Various volumes of biotinylated anti-IgM Ab (F(ab’)2 fragment goat-anti human IgM; stock 
concentration: 1.7μg/μl) were incubated with SaV microspheres (50x106 microspheres per 
condition). Following incubation, the microspheres were washed and bound anti-IgM on the 
microspheres was detected using flow cytometry with a AF647-conjugated donkey anti-goat 
IgG Ab. Data are representative of 3 experiments. 
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Figure 4-7. Stimulation with anti-IgM Ab bound to SaV microspheres led to the 
phosphorylation of PLCγ2 (pY759). Ramos cells were stimulated for five minutes with 
SaV microspheres bound with various volumes of biotinylated anti-IgM Ab. Expression of 
PLCγ2 was detected using flow cytometry with an AF647-conjugated anti-PLCγ2 Ab. 
Soluble anti-IgM Ab (F(ab’)2 fragment goat-anti human IgM) stimulation was used as a 
control. Red line represents unstimulated, unstained Ramos cells. Data are representative of 3 
experiments. 
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Figure 4-8. PLCγ2 (pY759) and CD22 (pY822) signaling kinetics in Ramos cells not due 
to activation through the CpG-TLR signaling cascade. Ramos cells were stimulated with 
2µg/ml of CpG for the duration of the indicated time points. Signaling kinetics of Ramos 
cells are presented as the MFIs of pY759 and pY822 minus the MFI of the respective isotype 
controls. Anti-IgM Ab (affinipure F(ab’)2 fragment goat-anti human IgM) stimulation was 
used as a control. Median and standard error are shown. Data represent two experiments.  
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Figure 4-9. Neuraminidase treatment resulted in cleaving the CD22L on the surface of 
Ramos cells. Ramos cells were treated with neuraminidase (dark blue) followed by a staining 
with FITC-conjugated SNA lectin to determine the expression of CD22L on the Ramos cell 
surface. Ramos cells without neuraminidase treatment were used as a control (light blue 
line). Red line represents unstimulated, unstained Ramos cells. Data are representative of 
four experiments. 
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Figure 4-10. Neuraminidase treatment did not affect PLCγ2 (pY759) and CD22 (pY822) 
signaling kinetics in Ramos cells. Following neuraminidase treatment, Ramos cells were 
stimulated with anti-IgM Ab (affinipure F(ab’)2 fragment goat-anti human IgM) for 1, 5, 10 
and 15 minutes. Signaling kinetics of Ramos cells are presented as the Delta change of the 
MFI, defined as the MFI of time point (x) divided by MFI of time-point 0 (unstimulated), for 
(A) pY759 and (B) pY822. No significant difference was found in the pY822 signaling 
(2way ANOVA). Ramos cells without neuraminidase treatment were used as a control. 
Median and standard error are shown. Data represent four experiments. 
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Figure 4-11. Stimulation with CD22L-BLG conjugates did not affect PLCγ2 (pY759) 
and CD22 (pY822) phosphorylation in Ramos cells. Ramos cells were stimulated for 12 
minutes with 1µg/ml, 2.5µg/ml, 5µg/ml and 20µg/ml CD22L-BLG conjugates and compared 
to non-CD22L-BLG conjugate controls. The CD22L and non-CD22L were bound to the 
BLG protein carriers at high and low densities. In addition, Ramos cells were stimulated for 
12 minutes with anti-IgM Ab (affinipure F(ab’)2 fragment goat-anti human IgM) together 
with CD22L-BLG conjugates at the same concentrations as above. Signaling of BCR and 
CD22 is represented as the MFI of (A) pY759 and (B) pY822, respectively. Soluble anti-IgM 
stimulation and BLG were used as controls. Data from a single experiment are shown. 
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CHAPTER FIVE: DISCUSSION 

 

5.1 Analysis of primary B cells: CD22 expression, B cell isolations and ELISPOT 

analysis 

 

 CD22 has been previously identified as a co-inhibitory molecule of B cells. (101, 136, 

169-171) Duong et al. (2) demonstrated that CD22 is involved in in vivo B cell tolerance to 

TI-2 antigens in mice. Based on these findings, together with knowledge that carbohydrate 

antigens, such as ABO antigens, are TI-2 antigens, (97) we were interested in determining 

whether CD22 plays a role in the development of donor-specific B cell tolerance to donor 

A/B antigens in infants following ABOi HTx.  

 We examined various naïve and memory B cells subsets in the peripheral blood and 

spleen including: recent bone marrow emigrants (CD27-IgM+IgD+CD38high), naïve B cells 

(including both CD27-IgM-IgD+ and CD27-IgM+IgD+ populations), CD27-IgM-IgD- B cells, 

memory B cells (CD27+IgM+) and class-switched memory B cells (CD27+IgM-). It is worth 

noting that the CD27-IgM-IgD- B cells were defined solely based on three surface markers 

and thus we cannot determine if they are class-switched memory cells expressing IgG or IgA 

(172) or naïve B cells. These populations can be differentiated by expression of the ATP-

binding cassette B1 transporter on naïve B cells but not memory cells. (173) 

 Our results demonstrated that one particular B cell subset, CD27+IgM+ B cells from the 

spleen, had significantly higher expression of CD22 in infants (defined in our study as 

individuals < 2 years in age) compared to older individuals. The increased expression of 

CD22 on infant CD27+IgM+ B cells may suggest that these cells have greater propensity to 

CD22-mediated inhibition.  

 From our studies, there was no one infant B cell subset from the peripheral blood with 

significantly increased expression of CD22 when compared to all other subsets. Viemann et 

al. (174) also looked at the surface expression of CD22 on human B cells. They compared 

cord blood samples to adult blood samples and found no differences in CD22 expression. 

Based on differential expression of CD22 that we observed between splenic and peripheral 

blood CD27+IgM+ B cells, this may suggest functional differences in these B cells. We have 

not yet tested the functionality of the CD27+IgM+ B cells from peripheral blood versus 
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spleen. Due to low frequencies of CD27+IgM+ B cells in peripheral blood we were unable to 

obtain enough PBMC to isolate this subset using FACS. It is important to note that the 

differences observed in CD22 expression in PBMC vs. splenocytes may be related to the B 

cells themselves. They are derived from different clinical sources and, as previously 

mentioned, there are unavoidable differences in the manner the samples are handled before 

processing. For example, spleen samples may not be processed for up to 24 hours, which 

may affect the expression of B cell surface markers, including CD22. 

 Some technical aspects need to be considered when interpreting our data derived from 

peripheral blood and spleen. Firstly, the primary cells used in these experiments were from 

frozen PBMC and splenocyte samples. Since freezing and thawing processes may affect cell 

frequency and viability, samples with a post-thaw viability less than 85% were not used. 

Although standardized processing protocols are in place, minor deviations in sample 

processing may also affect the quality of the cells. In addition, the time between sample 

collection and processing is different for spleen tissue and peripheral blood. Generally, for 

spleen samples the timeframe from collection of the tissue in the operating room to time of 

tissue processing could be up to 24 hours. Additionally, as the spleen samples are obtained 

from organ donors, there may be variability in the quality of the tissue. Peripheral blood 

samples, in contrast, are usually collected and processed within 6 hours. Secondly, there were 

a limited number of infant spleen samples available for use in these experiments. An 

advantage of our study was that we were able to assess B cell phenotype from spleen and 

peripheral blood of numerous individuals from different age groups. Nonetheless, a potential 

drawback of the study is that we still had relatively small sample sizes for certain age groups 

(for statistical purposes). 

To work towards understanding whether the higher expression of CD22 on 

CD27+IgM+ B cells in infants is likely to play a role in B cell tolerance after ABOi HTx, we 

were interested in investigating whether this population contained A/B-specific ASC. To 

assess this question, it was necessary to first isolate the CD27+IgM+ B cells. Initial attempts 

at isolating these B cells with commercial isolation kits and MACS were unsuccessful. A 

possible reason for this may have been because the kits were designed for isolation of B cells 

from peripheral blood (we adjusted parameters in the kits to maximize isolation from spleen). 

We moved on to use PE-conjugated anti-CD27 antibody and anti-PE microbeads followed by 
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MACS, which resulted in a high purity of CD27+ B cells. Since this protocol was based on 

positive selection, additional isolation of IgM+ B cells had to be done by negative selection. 

Anti-IgA and anti-IgG biotinylated antibodies were added to the existing negative B cell 

isolation step, however, this did not deplete all IgM- B cells and a substantial proportion of 

these cells remained following isolation. As we did not further examine the IgM- population 

from this sort, it is unclear whether the depletion of IgA+ and/or IgG+ cells was insufficient or 

whether these cells were IgA-IgG-IgM-. Ultimately, a technique using FACS effectively 

isolated the CD27+IgM+ B cells from both infant and adult samples with high purities. The 

CD27-IgM+ B cell subset was used as a comparison control in the ELISPOT assays. With 

highly pure populations of CD27+IgM+ and CD27-IgM+ B cells after FACS we were able to 

assess whether the CD27+IgM+ B cells contained A/B ASC. 

Work in our laboratory has demonstrated that, although rare in number, anti-A/B 

antibody-secreting B cells can be detected and quantified in human peripheral blood using a 

B cell ELISPOT assay. ((1), Motyka, unpublished data) This assay was used to determine 

whether the A/B-specific ASC could be derived from CD27+IgM+ memory B cells from 

spleen. The ELISPOT assay is a highly sensitive technique used for detection, measurement 

and functional analysis of immune cells. (175, 176) Our B cell ELISPOT protocol is based 

on the work of Dr. Martin Zand (152) with modifications optimized in our lab to include the 

specific detection of IgM antibody-secreting B cells. The number of antigen-specific B cells 

was detected using the Immunospot analyzer/software and compared to the total number of 

antibody-secreting B cells. The production of α-gal specific antibodies was used as a positive 

control in our ELISPOT assays. Anti-α-gal is a natural antibody produced in humans, apes 

and Old World monkeys. It is directed against the carbohydrate antigen α-gal epitope with 

the structure Galα1-3Galβ1-4GlcNAc-R that is expressed in non-primate mammals, New 

World monkeys and prosimians. (159)  

It has been reported that CD27- B cells do not express TLRs and require stimulation 

through the BCR in order to express TLR-9 and become responsive to CpG. (177) On the 

other hand, Huggins et al. (152)  described that naive B cells could increase TLR-9 

expression and proliferate in response to CpG stimulation without BCR signaling. After 

assessing the proliferation of CD27+IgM+ and CD27-IgM+ B cells after 7-day culture with 

CpG, IL-2, IL-10 and IL-15, our proliferation studies were consistent with what Huggins et 
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al. reported: proliferation of both subsets occurred, thus CD27- B cells were responsive to 

CpG without prior BCR stimulation. 

From the ELISPOT results we concluded that IgM A/B-specific ASCs were 

predominantly derived from the CD27+IgM+ memory B cell subset. However, there was 

production of anti-A/B antibodies from the CD27-IgM+ B cell subset as well. Therefore, it is 

also possible that ASC were derived from the CD27-IgM+ B cells. Future studies are needed 

to study this in detail. We assessed the surface expression of CD27 after 7-day culture. About 

10% of the proliferating CD27-IgM+ B cells up regulate CD27. As this population contained 

up to 10% CD27+IgM+ memory B cells after 7-day culture, this could be an additional 

explanation for the anti-A/B antibody production from the CD27-IgM+ B cell subset. 

Since B cells in the ELISPOT assay were stimulated for differentiation into ASC, the 

cell frequencies observed in the results may not represent the original frequency of functional 

A/B-specific B cells of the starting sample. Another caveat of the ELISPOT assay was the 

use of FACS-sorted cells. Issues with FACS could include cell activation, instrument 

performance, exposure of cells to multiple stainings, washes and the physical sorting itself. 

Our results showing that infant splenic CD27+IgM+ B cells have increased expression 

of co-inhibitory CD22 and that the CD27+IgM+ B cells also contained the ASC, are 

consistent with our hypothesis that CD22 may be involved in B cell tolerance to donor A/B 

antigens following infant ABOi HTx. The increased CD22 expression on infant B cells may 

be involved in inhibiting B cell responses to A/B antigens present within the donor graft and 

may contribute to the induction of tolerance following infant ABOi HTx. We further 

investigated the functional effect of CD22 on B cell signaling. 

 

5.2 PPF assays to study infant B cell signaling 

 

Crucial to defining the role of CD22 in donor-specific B cell tolerance after ABOi 

infant HTx is investigating the ability of CD22 to inhibit signaling in infant B cells. The PPF 

assay enables examination of multiple intracellular signaling molecules of immune cells at a 

single-cell level. (160) We first optimized the PPF assay using a Ramos B cell line. Use of 

the cell line offered minimal variation between samples and an abundant supply of cells. 

Assessing intracellular signaling kinetics in Ramos cells involved stimulation with F(ab’)2 
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anti-human IgM Ab. We measured the phosphorylation of PLCγ2 (at tyrosine Y759), an 

intracellular signaling protein located downstream from the BCR, a protein also involved in 

calcium mobilization and B cell activation. (178) We also examined the phosphorylation of 

CD22 (at tyrosine Y822), found within the ITIM on the intracellular tail of CD22. (127) In 

our studies we defined B cell activation as the increase in phosphorylation of Y759 (PLCγ2). 

We were also interested in measuring the activation state of CD22 to determine whether 

engaging CD22 with its ligand would result in increased phosphorylation of Y822 (CD22). 

Based on previous studies of the co-inhibitory function of CD22, we predicted that upon 

engagement of CD22 with its ligand we would see increased phosphorylation of Y822 

(CD22) and decreased phosphorylation of Y759 (PLCγ2). 

To assess the effects of CD22-CD22L cis binding on B cell signaling we used 

neuraminidase, an enzyme that cleaves sialic acids (CD22L) on cell surfaces, to disrupt the 

cis interactions of CD22-CD22L on the surface of the B cell. (179) As cis interactions are 

thought to sequester CD22 away from the BCR so that the B cell can be activated (129), we 

predicted that after neuraminidase treatment, CD22 could then interact with the BCR and 

inhibit the B cell signal. However, neuraminidase treatment had no effect on intracellular 

signaling of the Ramos cells; this finding may suggest that disrupting cis binding alone is not 

sufficient in altering signaling kinetics. Additional studies including engagement of CD22 

with its ligand in combination with neuraminidase may provide additional insights on the 

impact of disrupting cis binding. 

 

5.3 Future Directions 

 

In this thesis, we have made important initial steps to characterize the potential role of 

CD22 in B cell tolerance to donor A/B antigens after ABOi HTx. Future experiments 

assessing the similarities and/or differences in B cell signaling between infant and adult 

CD27+IgM+ B cells, both before and after the engagement of CD22, are underway. 

Preliminary data showed that our optimized protocol for the PPF assay could be used 

successfully in primary cells. B cell signaling was observed in FACS-sorted CD27+IgM+ and 

CD27-IgM+ B cells from infant and adult splenic B cells upon stimulation with anti-IgM Ab 

(Appendix A). It will be difficult, however, to FACS-sort these subsets from PBMC due to 
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limited volumes of peripheral blood obtained from infants combined with low frequencies of 

A/B-specific B cells. A major advantage of the PPF assay is that multiple parameters can be 

used to identify specific B cell subsets and sorting is not required. However, not all 

antibodies for cell surface staining are compatible with the PPF assay protocol. Future 

experiments will include identifying antibodies that can withstand the treatment of the PPF 

protocol and optimization of surface staining in order to effectively gate on the CD27+IgM+ 

B cells during analysis. In addition, in combination with future PPF assays it is imperative 

that we also compare total PLCγ2 of infants and older individuals as they may have different 

total expressions levels. To date, we have looked at the phosphorylation of one specific 

tyrosine residue of PLCγ2, pY759, in Ramos cells and primary B cells. Examining total 

PLCγ2 will allow us to compare infant and adult signaling more effectively. 

In our first attempts to engage CD22 in trans we incubated CD22L (conjugated to a 

BLG protein carrier at high and low binding densities) with Ramos cells for 12 minutes. 

Anti-IgM Ab was added separately to the Ramos cells to ensure stimulation of the B cell and 

thus produce measurable pY759 signal. As mentioned above, we expected engagement of 

CD22 with CD22L to have a greater effect on inhibiting the B cell signal when compared to 

the non-CD22L controls. However, we saw no difference in the PLCγ2 phosphorylation 

between the CD22L and the non-CD22L controls. An explanation may be that the CD22L 

and the anti-IgM stimulating Ab were not close enough in proximity to one another to inhibit 

the B cell effectively, as they were added to the cells separately. Co-polymers, expressing 

both CD22L and anti-IgM Ab present on the same surface, have been shown to inhibit the B 

cell signal successfully. (129) Furthermore, the higher the level of CD22 substitution, the 

more effective the inhibition of the B cell signal. Thus, it may be a requirement that CD22L 

and anti-IgM Ab be in close proximity to each other, perhaps presented on the same surface. 

Future plans include adding biotinylated CD22L onto SaV microspheres alongside our 

biotinylated-anti-IgM at various concentrations and examining both PLCγ2 and CD22 

signaling with the PPF assay (Appendix B). We have shown that it is possible to add 

biotinylated anti-IgM to SaV microspheres and stimulate the Ramos cells in a PPF assay. 

Since infant samples have a higher level of CD22 expression than older individuals on their 

CD27+IgM+ B cells, we would expect these cells to be more susceptible to inhibition when 

compared to other B cell subsets (described herein) and to samples of older individuals. 
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In order to prove my hypothesis that CD22 present on host B cells binds to CD22L 

present on donor heart tissue (or cells derived from donor heart) and, together with specific 

BCR binding to graft A/B antigens, inhibits B cell activation leading to donor-specific B cell 

tolerance in the infant ABOi HTx setting, it is important to define the presence of CD22L on 

the vascular endothelium of the heart. If the endothelium of the heart does express CD22L, 

tolerance of the B cells could be occurring at the site of the graft (or at sites of graft-derived 

cells). A study by Kitagawa et al. (125) demonstrated that the enzyme responsible for 

synthesizing the NeuAcα2,6Gal linkage of the CD22 ligand, is detectable in both fetal and 

adult human heart tissue. However, Nitschke et al. (180) did not detect CD22L expression on 

mouse vasculature structures of the spleen, lymph, heart and liver. Further investigation is 

necessary for direct examination of the expression of CD22L on vascular endothelium of 

human cardiac tissue. Nitschke et al. (180) did show CD22L to be expressed in the bone 

marrow sinusoidal endothelium and has been implicated in CD22-dependent homing of B 

cells. If CD22L is not expressed on vascular endothelium of cardiac tissue, an alternative 

explanation may be that B cell tolerance occurs within the bone marrow, or in other non-graft 

sites with high CD22L expression. If this were the case, the donor A/B antigens would also 

have to be present in the bone marrow or other non-graft sites, alongside the CD22L.  

 There is great interest in exploiting the natural mechanisms of CD22-CD22L binding 

as an alternative therapeutic approach to diseases such as cancers. Chen et al. (181) 

developed liposomal nanoparticles decorated with CD22 ligands to selectively target 

cancerous B cells. Liposomal doxorubicin displaying high-affinity ligands for CD22 targeted 

and delivered chemotherapeutic treatment to CD22-expressing B cells. These liposomes 

induced complete remissions in mice with various human B cell lymphomas. A similar study 

examining human and murine B cells demonstrated that it was possible to kill CD22-

expressing B cells by subjecting them to sialoside probes conjugated to the toxin saporin. 

This resulted in toxin uptake by the cells and further toxin-mediated killing of the B cell 

lymphoma lines. (114) Together these results illustrate that it is possible to manipulate the 

natural mechanisms of CD22 and its ligands for clinical therapy purposes. Similar CD22-

directed therapeutic strategies could be investigated in the transplant setting. As part of an 

ongoing GNT collaboration, we have developed nanoparticles that are decorated with A/B 

blood group antigens. It may be possible to decorate these nanoparticles with synthetic 
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CD22L in addition to A/B antigens and test their ability to induce tolerance of A/B-antigen 

specific B cells. 

 

5.4 Significance 

 

Our lab group has previously demonstrated that infant transplant recipients of ABOi 

heart transplants develop tolerance to graft ABO antigens, however tolerance mechanisms 

remain unclear. Understanding the signaling mechanisms in B cells will provide insight into 

the inhibitory pathways involved in B cell tolerance after ABOi infant HTx. This may 

generate helpful new knowledge that may allow new insights. Together this could lead to 

consideration of new approaches which may enable us to the expand ABOi transplantation to 

include the much larger population of older patients awaiting transplantation, thus leading 

toward an ultimate goal of decreased waiting list mortality. 

Results presented in this thesis that support the hypothesis that CD22 may contribute to 

B cell tolerance to donor A/B antigens following ABOi infant HTx include increased 

expression of CD22 on infant CD27+IgM+ B cells which were shown to contain the A/B-

specific ASC. Ultimately, in order to link the results of this study into the realm of ABO-

related responses, additional studies are necessary to investigate further the function of A/B 

ASC of infants and adults upon engagement of CD22. 
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APPENDIX A 
 

PPF assays in isolated splenic CD27+IgM+ and CD27-IgM+ B cells 

 

 The PPF assay was performed on adult CD27+IgM+ and CD27-IgM+ B cells 

following isolation by FACS and overnight culture at 37°C. Our findings show that the PPF 

assay can be successfully performed on primary isolated human B cells. However, further 

studies are necessary to directly compare the differences in the signaling kinetics between 

infant and adult B cells. 
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Figure A-1. PPF assay in primary CD27+IgM+ and CD27-IgM+ B cells. Primary cells 
were stimulated with 10µg/ml anti-IgM (affinipure F(ab’)2 fragment goat-anti human IgM) 
for the duration of the indicated time points (section 2.7.2). The signaling kinetics of primary 
cells is presented as the MFI of PLCγ2 (pY759). Median and standard error are shown. Data 
represent six experiments (3 infant samples and 3 adult samples). 
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APPENDIX B 
 

Proposed model for engaging CD22 in trans using CD22L and anti-IgM coated SaV 

microspheres 

Figure B-1. A proposed model for the inhibition of the B cell signal by the engagement 
of CD22L and anti-IgM coated microspheres. BCR signaling is initiated by binding of 
anti-IgM and subsequent phosphorylation of immunoreceptor tyrosine-based activation 
motifs (ITAMs) located within the cytoplasmic tails of Igα and Igβ. As CD22L is in close 
association with anti-IgM Ab on the microsphere this results in the binding of the BCR to 
anti-IgM Ab and also CD22 to its ligand resulting in diminished B cell activation (including 
decreased proliferation, differentiation and antibody production). Red circles represent 
phosphorylation. Phosphorylated proteins to be assessed in PPF assays are PLCγ2 and 
pCD22, represented by black stars. 


