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Thesis Abstract 

Introduction: ABO-incompatible organ transplants (ABOi-Tx) recipients are at high-risk of rapid 

rejection mediated by ABO antibodies (ABO Abs).  To manage and expand ABOi-Tx, it is necessary to 

understand the mechanism(s) by which natural and induced ABO Abs develop. Prior studies have used 

chemically-synthesized carbohydrate (CHO) structures or mouse models with various limitations to study 

induction of ABO Abs production. ‘Natural’ (spontaneous) ABO Abs are thought to be produced in 

humans and mice without exposure to A/B-Ags by mechanisms that remain poorly understood, although 

early studies suggested a role for the participation of bacterial flora. West and colleagues found that infant 

recipients of ABOi heart Tx (HTx) develop B cell tolerance to donor A/B-Ags and that ABO Abs are 

mainly produced by CD27
+ 

IgM
+
 B cells. CD22 participates in B cell tolerance and West research group 

found that CD27
+ 

IgM
+
 B cells express high-levels of CD22 in human and this expression decreases with 

age. Chemically-synthesized CHO-Ags have also been used to study Ab response in CD22 knock-out (KO) 

mice, but various outcomes have been reported that could be attributed to the nature of these Ags and/or 

lack of consideration for natural Ab production.  Herein, I investigated the role of CD4+ T cell 

participation in induction of ABO Abs production, the impact of CD4+ T cell, sex, and bacterial flora on 

development of natural ABO Abs, and the impact of CD22 modulatory molecules in natural and induced 

ABO Abs production. 

Results: Wild-type (WT) mice were stimulated by A-Ag in the context of syngeneic, allogeneic, and 

xenogeneic stimulation. Injection of syngeneic A-transgenic blood cell membranes (A-Tg BCM) did not 

induce anti-A Ab production, but human blood group A BCM (Hu A-BCM) and allogeneic A-Tg BCM 

induced abundant anti-A Abs. However, Hu A-BCM failed to elicit anti-A Ab following CD4+ T cell 

depletion. In CD4KO mice, injection of Hu A-BCM did not induce anti-A Ab production, but 

reconstitution with sex-matched WT CD4+ T cells restored the ability of the CD4KO mice to produce anti-
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A Ab to Hu A-BCM. In CD4, MHC-II, and αβ/γδ T cell receptor KO mice, females produced significantly 

higher natural anti-A Ab than males and Hu A-RBC injection did not induce more anti-A Ab beyond that 

naturally produced. Treatment of CD4KO mice with broad-spectrum antibiotics significantly reduced 

natural anti-A Ab production, but did not abolish it. Importantly, germ-free mice produced natural ABO 

Abs without exposure to A/B-Ags. CD22KO mice developed higher natural anti-A Ab than WT mice, with 

higher Abs production in female CD22KO than male mice. Furthermore, injection of Hu A-BCM induced 

massive amount of anti-A Ab production. In contrast to WT mice, anti-A Ab was elicited by syngeneic A-

Tg BCM in CD22KO mice, or following CD4+ T cell depletion and Hu A-BCM injection.  

Conclusion: Induction of ABO Abs production requires exposure to non-self A/B-Ags and foreign protein, 

consistent with T-dependent Ab response.  In contrast, natural ABO Abs developed in the absence of CD4+ 

T cells, suggesting a T-independent Abs response. Production of dramatically higher natural ABO Abs in 

CD4, MHC-II, and TCR KO female mice than in males suggests a sex-linked role in natural ABO Abs 

production. In contrast to the common paradigm, bacterial flora is not absolutely required for natural ABO 

Abs production, suggesting that nAbs are spontaneously produced. In CD22KO mice, occurrence of higher 

natural and induced ABO Abs than WT mice and induction of ABO Abs production without CD4+ T cell 

participation suggests a modulatory role for CD22 signaling in ABO Abs production. In summary, my 

findings indicate that: A) Induction of ABO Abs production requires CD4+ T cell participation (T-

dependent), B) Natural ABO Abs production occurs in complete absence of bacterial flora or CD4+ T cells 

(T-independent), C) Without CD22, induction of ABO Abs production no longer requires CD4+ T cells (T-

independent), but CD4+ T cell participation result in more ABO Abs (T-dependent), and D) Sex hugely 

impacts natural ABO Abs level. 
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Chapter 1: 

Introduction 

This thesis will shed light by increasing our understanding of how important is the role of carbohydrates 

(CHO) in health and disease. How the immune system responds to CHO antigens (CHO-Ags) will open 

new avenues in the development of strategies to induce immunity against infections. Similarly, 

understanding how antibodies (Abs) are produced against CHO-Ags expressed in tissues, such as ABO and 

α-gal, will lead to development of strategies to utilize these tissues for treatment, such as organ 

transplantation (Tx). Moreover, my findings will also be relevant in future work in areas such as vaccine 

development and blood transfusion. 

In this regard, ABO-incompatible organ Tx (ABOi-Tx) has expanded the donor pool and therefore has 

saved many lives [1-4]. In order to optimize safe ABO-mismatched organ Tx, I explored how ABO Abs 

are produced and which stimulation is required. This work is built on the previous work done in Dr. West’s 

lab and utilized a humanized mouse model.  

1.1. Carbohydrates and antibody production  

Polysaccharides and glycoconjugates, such as glycoproteins, glycolipids, and sialic acids, are crucial to 

leukocyte trafficking, cell-to-cell contact, self/non-self binding, and modulating the immune response [5]. 

For instance, the glycoprotein L-selectin (CD62 ligand) is very important in inflammation, because it 

regulates lymphocyte-endothelial cell adhesion, rolling, extravasation, and migration toward inflammatory 

bodies [6].  

Similarly, many pathogens express CHO-Ags, including virulence factors like capsular polysaccharide 

Ags that facilitate pathogen invasion and infection. Immunity against these types of pathogens is 
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facilitated by the production of antibodies (Abs) that specifically react with these capsular polysaccharides. 

Glycoconjugate vaccines can stimulate antibody (Ab) production, providing immunity against such 

encapsulated pathogens. The vaccine to prevent meningitis caused by Neisseria meningitides is an 

example of such glycoconjugate vaccines [7]. 

Oligosaccharide cores of glycoproteins and glycolipids expressed on endothelium or erythrocytes can be 

immunological barriers for blood transfusion and organ Tx. For instance, the major xenogeneic Galα1-

3Galβ1-4GlcNAc-R (α-gal) antigen (Ag) expressed on the endothelium of most mammalians (including 

mice and New World monkeys, but not Old World monkeys, apes, and humans) is an important 

immunological barrier in xenotransplantation due to spontaneous (natural) production of anti-gal Ab in 

humans, apes, and Old World monkeys [8, 9].  

Similarly, A/B histo-blood group Ags (A/B-Ags) expressed on endothelium, erythrocytes, and other 

tissues, constitute an immunological barrier to blood transfusion and organ Tx, because the binding of the 

recipient’s pre-existing non-self ABO Abs to cognate A/B-Ags expressed on donor erythrocytes and 

vascular endothelium [10-12] would typically induce severe hemolysis or hyperacute rejection, 

respectively [13, 14]. Therefore, studying the mechanisms of Abs development stimulated by naturally-

occurring CHO-Ags is paramount to our understanding of health and disease. 

1.2. Immune responses to protein and CHO-Ags  

In 1912, László Detre (a Hungarian scientist who worked with Élie Metchnikoff) was the first to use the 

term "Antigen"[15]. At that early stage in immunological research, all Ags that had been found to induce 

Ab production were thought to be proteins: "Kein Antigen ohne Eiweiss" (no Antigen without protein)[16], 

despite a 1907 report suggesting that fungal glycosides can induce Ab production and therefore non-

protein Ags could also exist [17].  
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Numerous studies (reviewed in [18]) investigated the nature and structure of Ags and today it is 

understood that the general order of antigenic structures that induce Ab production, according to their 

immunogenicity (from highest to lowest), are proteins, polysaccharides, lipids, and nucleic acids [19]. The 

immunity to Ags capable of inducing Abs production is classified based on the requirement of cells from 

the thymus (T cells), as thymus-dependent (TD) and thymus-independent (TI) immune response, 

respectively [20, 21](Figure 1.1.).  

1.2.1. TD Ags  

To produce Abs against a protein Ag, a B cell (as an antigen-presenting cell (APC)) endocytoses Ags that 

are bound to B cell receptor (BCR), or clathrin-mediated endocytosis, into clathrin-coated vesicle [22]. In 

the cytosol, the B cell processes and degrades the protein into peptide fragments in the B cell’s early and 

late endosomes, loads the resulting antigenic peptides on the B cell’s major histocompatibility complex-II 

(MHC)-II in the form of a peptide-MHC (pMHC) complex, and presents to a helper CD4+ T cell that 

recognizes the pMHC complex via its T cell receptors (TCR) [23]. The T cell help leads to B cell 

activation [24-29], differentiation to Ab-secreting cells [30], as well as formation of Ag-specific memory 

B cells [31] (Figure 1.1. A).  

Importantly, cognate binding of pMHC/CD40 on B cell with TCR/CD40 ligand (CD40L) on activated 

CD4+ T cell, respectively, generates a T-dependent (TD) B cell response [32-34] in which the protein Ag 

is called the TD-Ag. In this regard, the co-stimulatory CD40 protein (expressed on APC, including B cells 

and dendritic cells) binds to the co-stimulatory CD40L protein (expressed on activated CD4+ T cells) [32] 

to stimulate an optimal B cell response. Additionally, T cell cytokines, including interleukin (IL)-2 [35-

37], IL-4 [38], and IL-6 [39, 40] are also required for B cell proliferation and isotype switching. 
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Importantly, TD Ab responses are also associated with B cell somatic hypermutation [41, 42] and 

immunoglobulin (Ig) isotype switching (IgM to IgG, IgA, and IgE classes) [43]. 

1.2.2. TI Ags 

In contrast to protein Ags, some Ags can induce a B cell response that is generally thought to occur 

without T cell participation [44-50]. However, B cell activation in the absence of T cell participation may 

not necessarily exclude further B cell interactions and activation in the presence of T cell. For instance, B 

cell activation by lipopolysaccharides (LPS, which could occur in the absence of T cell participation) was 

reported to induce memory B cell response that normally requires T cell participation [51]. Furthermore, 

studies showed that CD40-CD40L interaction [52-54] or infusion of T cells into athymic mouse [46, 55] 

would enhance Ab response to CHO-Ags. These data led to confusion regarding the concept of “T 

independence” immune response to whether B cell response to CHO-Ags always proceeds without T cell 

participation (truly always T-independent), or rather that T cell participation is not always required, and 

when it participates under some conditions, T cell would enhance the Ab response to CHO-Ags. 

Without regard to these caveats about the requirement of T cell participation, the stimulation that induce B 

cell responses in the absence of T cell help is called “T-independent” (TI) and classified as either TI type 1 

(TI-1) or TI type 2 (TI-2) immune response. In TI-1 Ab production, complex Ags such as LPS derived 

from Gram-negative microorganisms, can engage the BCR and co-engage toll-like receptors (TLR) to 

stimulate a B cell response [20, 47, 55-59]. The B cell response triggered by such Ags usually requires a 

second signaling provided by TLR [60-62]. At high concentration, LPS is considered B cell mitogens and 

can non-specifically activate both naïve and mature B cells [63, 64]. The TI-1 pathway is generally 

presumed to be rapid, does not require T cell participation, and can provide long-lasting immunity against 

bacterial infection [65, 66] (Figure 1.1. B). 



5 
 

In TI-2 pathway, an extensive cross-linking of BCR by CHO-structures containing repetitive multivalent 

epitopes is thought to provide strong signaling that is sufficient to stimulate a CHO-specific B cell 

response [50, 67]. The stimulation capable of inducing a B cell response in this manner are called TI-2 

pathway [47, 68] and include stimulation by high-molecular-weight polysaccharides such as capsular 

polysaccharides expressed on bacteria [47, 50, 68, 69] (Figure 1.1. C). 

A/B histo-blood group Ags are naturally-occurring complex polysaccharides composed of multivalent 

repeating glyco-epitope structures [70, 71]. They were thought to engage sufficient BCRs to stimulate the 

B cell without T cell help, resulting in Ab production to non-self A/B-Ags [72, 73]. Therefore, ABO Abs 

responses in general have been termed TI-2, without careful discrimination between ABO Abs induced by 

A/B-Ags (i.e. A/B-Ags are prepared from human type A/B-erythrocytes), from that spontaneously 

produced without stimulation by A/B-Ags. 

 

 

 

 

 

 

 

 

 



6 
 

 

 

Fig. 1.1: Thymus-dependent (TD) and thymus-independent (TI) Ab response [45] (A) BCR recognizes 

a protein Ag, degrades that Ag and presents its antigenic peptides on the B cell’s MHC-II as a peptide-

MHC (pMHC) complex. The TCR of an activated CD4+ T cell (helper T cell) can recognize the pMHC 

complex, and via CD40-CD40L interaction and cytokines production by CD4+ T cell, B cell is stimulated 

to respond to a T-dependent protein Ag. (B) Some mitogens, such as LPS, can simultaneously engage a 

BCR and a TLR and stimulate both naive and mature B cells without CD4+ T cell participation. (C) Some 

CHO structures with repetitive multivalent epitopes, such as capsular polysaccharides, can extensively 

cross-link multiple BCR to provide strong signaling sufficient to stimulate T-independent B cell response. 

BCR: B cell receptor, MHC: major histocompatibility complex, TCR: T cell receptor, Ags: antigens, LPS: 

lipopolysaccharides, TLR: toll-like receptor. Pictures were made by I. Adam. 
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1.3. Biochemistry and tissue expression of A/B-Ags  

The synthesis of A/B structures is mediated by glycosyltransferases that sequentially add a terminal A or 

B-trisaccharide to the glycolipids and glycoproteins core chain during embryonic life [74-77]. Expression 

of only the H chain on the glycolipids and glycoproteins core chain defines individuals of the O blood 

group, whereas addition of the A, B, or A and B terminal trisaccharide sugar, catalyzed by genetically-

determined glycosyltransferases, defines individuals of A, B, and AB blood groups, respectively [10] 

(Figure 1.2. A, B).  

A/B-Ags are expressed on many tissues of embryonic mesodermal origin, including erythrocytes, vascular 

endothelium, and other tissues such as epithelium [10, 11, 78-80]. Humans express at least four A/B 

precursor chains (type I–IV) and alpha-2-fucosyltransferases that could lead to different A/B(H)-subtypes 

expression in tissues [71]. West’s research group showed that, unlike erythrocytes, the cardiac 

endothelium in humans expresses only subtype II A/B(H)-Ags, indicating that immunity and/or tolerance 

to A/B-Ags expressed on endothelial cells of heart transplants (HTx) does not necessarily correspond to 

immune response to A/B-Ags expressed on erythrocytes [81]. Currently, assessment of ABO Abs in the 

setting of blood transfusion and ABOi-HTx is detected with the isohemagglutinin assay, using reagent 

erythrocytes. However, detection subtype-specificity of ABO Abs, such as Abs against A/B-subtype Ags 

expressed in the transplanted organs, is essential for clinical decision-making and management of ABO-

incompatible transplant recipients. 
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Fig. 1.2: A/B blood biosynthesis and principle of ABO-Abs as an immunological barrier [74-77]. (A) 

Glycosyltransferase enzymes mediate the A/B synthesis by sequentially adding a terminal monosaccharide 

A (galactose) or B (N-acetylgalactosamine) to the terminal galactose sugar on the glycolipids and 

glycoproteins core chain. (B) A and/or B-Ag are expressed on many tissues, including erythrocytes, and 

vascular endothelium. Pictures were made by I. Adam. 
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1.4. Importance of A/B-Ags and Abs to ABOi-organ Transplantation (ABOi-Tx) 

Tx is a highly successful therapy for organ failure that would otherwise be lethal and that Kidney 

transplantation (KTx) has saved many patients with end-stage renal disease. However, due to 

overwhelming need for kidney donors, including whom are ABO-incompatible with their intended 

recipients, early attempts have been made to perform KTx across the ABO barrier [2, 3, 82-84]. Due to 

aggressive interventions to remove pre-formed ABO Abs (such as splenectomy, plasmapheresis, and B 

cell depletion) and feasibility of hemodialysis for KTx recipients who might experience graft failure due to 

hyperacute rejection, it was possible to perform ABOi-KTx without high risk of death. However,  potential 

recipient of ABOi-HTx would have high risk of death due to susceptibility of heart grafts to hyperacute 

rejection [85], without saving therapy such as hemodialysis in the case of hyperacute rejection after ABOi-

KTx. 

Infants enlisted for heart Tx have the highest waiting list mortality; more than 30% died during the long 

wait times without finding a suitable donor [86], but also they have the best heart Tx outcomes relative to 

any other age group. Because of a developmental lag in ABO Abs production in infants, they can receive a 

safe ABOi-Tx, including heart Tx [87, 88], without risk of hyperacute rejection that would otherwise 

normally occurs in adults due to pre-existed ABO Abs [82, 89]. In this regard, binding of pre-existed 

spontaneously-produced ABO Abs in adults to cognate non-self A/B-Ags expressed on graft endothelium 

would typically lead to complement activation and eventually to graft loss [90](Fig. 1.3). 
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Fig. 1.3: Binding of endothelium A/B-Ags with circulating ABO-antibodies during ABOi-Tx. Binding 

of pre-formed anti-A and/or anti-B Ab to cognate A and/or B-Ag, respectively, on a vascularised organ 

would typically fix and activate complement pathway. This usually results in recruitment of leukocytes, 

inflammation, hemorrhage, vascular thrombosis and hyperacute rejection of the ABOi-graft. Picture was 

made by I. Adam. 

 

 



11 
 

1.4.1. Crossing the ABO barrier in infant HTx is safe and leads to development of B cell tolerance  

Due to the overwhelming need for donor organs, attempts to across the ABO barrier have been made, 

particularly in kidney Tx [2, 3, 82-84]. Therefore, recognition of the delayed production of ABO Abs 

during normal infancy (Figure 1.4 A), combined with the very high mortality for infant patients awaiting 

HTx, led West’s research group to start the first intentional ABOi-HTx in infants between 1996 and 2000 

and was demonstrated to be safe [87]. This has reduced the high mortality for infant patients awaiting heart 

transplant and also resulted in increasing in donor organs being utilized [91]. 

West et al. showed that not only was ABOi-HTx safe in infants [87, 92, 93], as noted above, but also that 

B cell tolerance developed to donor A/B-Ags expressed on the heart allograft [88](Figure 1.4 B-D). This 

was the first study showing that acquired neonatal transplant tolerance can occur in humans [92], and by 

mechanisms that in preliminary studies appeared similar to those demonstrated previously in mouse 

models [94]. 

In order to expand ABOi-KTx effectively, such as developing ABO Abs removal strategies to prepare 

kidney Tx or managing ABO Abs produced after the kidney Tx, it is critical to attain a precise 

understanding of ABO immunobiology and the mechanisms of how B cell immunity and tolerance 

develop to A/B-Ags. 
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Fig. 1.4: Isohemagglutinins ontogeny in normal human infants and after ABO-incompatible heart 

transplantation (ABOi-HTx)[87, 88]. (A) ABO Abs development during normal infancy is delayed, 

potentially allowing safe ABOi-HTx with minimal risk of hyperacute rejection. (B, C, D) West’s research 

group showed that not only is ABOi-HTx safe before development of ABO Abs, but also that infants 

develop B cell tolerance to donor A/B-Ags expressed on the heart allograft. Courtesy of Dr. L. West 
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1.4.2. Transgenic mouse model to study immunity and tolerance to ABOi-Tx 

Despite the availability of biological specimens, there are major limitations to studying mechanisms of B 

cell tolerance in humans. Therefore, most of immunity or tolerance studies are generally limited to animal 

models [95, 96]. Moreover, there are also limitations in the use of animal models for ABO studies, such as 

that pigs express AO system [97], but not expressed in pig vascular endothelium [98]. There is no 

clinically relevant small animal model to study ABOi-organ Tx because wild-type mice do not express 

A/B-Ags [99, 100].  

To study immunity to A/B-Ags and tolerance following ABOi-Tx, together with collaborators, West’s 

research group generated A-antigen transgenic (A-Tg) mice that express human A1- and H-transferase 

under the control of the intercellular adhesion molecule 2 (ICAM-2) promoters on C57BL/6 and BALB/c 

backgrounds [101]. We showed that these mice express A-antigen (A-Ag) on the vascular endothelium of 

solid organs, erythrocytes, leukocytes, and epithelial tissues [101]. Our research group showed similar 

expression of A-Ag on human and A-Tg mouse erythrocytes [101]. The availability of this transgenic 

mouse allows us to study of immunologic features of ABOi-Tx in the context of syngeneic and allogeneic 

stimulation. 

1.5. α-gal and ABO natural antibodies are immunological barrier for Tx 

Naturally-occurring antibodies (nAbs) are commonly defined as the spontaneous presence of Abs without 

intentional immunization [102] and have been long attributed to B1 cell subsets [103]. Prior to Ab 

production during adaptive immunity, nAbs are able to react with many bacterial Ags and therefore 

provide an immediate protection against some bacterial infections [104-106]. On the other hand, nAbs 

cross-reactivity constitutes a significant immunological barrier in blood transfusion and ABOi-Tx. Similar 

to nAbs produced against the xenogeneic α-gal that is an immunological barrier in xenotransplantation [8, 



14 
 

9], natural ABO Abs (ABO nAbs) reacting with A/B-Ags, as previously mentioned, can pose a significant 

risk to ABOi-Tx [8, 9]. Therefore, this known immunological barrier is particularly important, because 

these ABO and α-gal nAbs occur without prior exposure to A/B or α-gal Ags, respectively [13, 14].  

As noted above, due to the overwhelming need for donor organs, attempts have been made to perform 

organ Tx across the ABO Abs barrier [2, 3, 82-84]. Therefore, aggressive interventions to remove pre-

formed ABO nAbs (splenectomy, plasmapheresis, and B cells depletion) were required for successful 

ABOi-Tx (kidney), but often these ABO nAbs return due to B cell memory, long-lived plasma cells, and 

newly generated B cells [107, 108]. How B cells are stimulated to produce ABO nAbs is unknown, but it 

is generally thought that bacteria could play an important role in ABO nAbs production [109].  

1.6. Participation of bacterial flora in the development of ABO nAbs 

The observation that bacteria can induce production of Abs against erythrocytes dates back to 1923 when 

Iijima demonstrated that injection of heat-killed Shigella dysenteriae into rabbits induced Abs that 

hemolysed sheep erythrocytes [110]. Further studies in the 1930s found that the majority of Streptococcus 

pneumoniae strains (encapsulated by a polysaccharide capsule) injected into rabbits can induce a marked 

rise of hemolytic Abs against sheep erythrocytes [111, 112]. Interestingly, serum obtained from horses for 

use as passive immunization after stimulation with Streptococcus pneumoniae contained massive amounts 

of hemagglutinin (i.e. Ab or Ag that causes erythrocytes to agglutinate) against human ABO red blood 

cells (RBCs), with Ab titer range from “1/80 to 1/2560” [113]. Furthermore, another report showed that 

when the same Streptococcus pneumoniae strain was injected into rabbits, the bacteria induced production 

of Abs that agglutinated only human A and AB erythrocytes (presumably anti-A Ab)[114]. 

In humans, studies in the 1980s showed that pneumococcal vaccination can generate IgM, IgG, and IgA 

anti-A Abs, consistent with data obtained in animals [115, 116]. Further studies reported that during some 
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infections, bacteria can induce expression of an acquired Ag similar to blood group B-Ag on human type 

A erythrocytes [117], suggesting that bacteria may be able to synthesize a blood group-like
 
Ag (this Ag 

expressed on blood group-like bacteria was recently called “blood group B-positive (BGB
+
) bacterial Ag 

[118] and hereafter referred to as BGB
+
). Springer’s work on development of ABO nAbs following 

exposure to BGB
+
 Ag expressed in E. coli O86 bacteria [119-121] is important in the setting of organ Tx 

and blood transfusion, because humans produce ABO nAbs against these “A/B-like” epitopes expressed 

on bacterial flora. How ABO Abs develop following exposure to “bacterial stimulus” Ag will be analyzed 

in detail. 

1.6.1. Springer’s hypothesis on the bacterial origin of ABO Abs development  

To challenge a prevailing theory that human ABO Abs are genetically inherited [122, 123], Springer 

studied the formation of ABO Abs in germ-free White Leghorn chicks [119]. Springer hypothesized that 

the development of ABO Abs is due to stimulation by “A/B-like Ags” present in exogenous stimuli 

located in gut, as it had been previously proposed by Wiener and Kabat [124, 125]. To evaluate this, germ-

free White Leghorn chicks were left untreated or mono-contaminated
 
by E. coli O86 expressing “B-like” 

Ag
 
in their food. In contrast to germ-free chicks raised on a germ-free diet (i.e. no “B-like” bacterial Ags), 

germ-free chicks produced anti-B Ab when their food was contaminated by the E. coli O86 meconium 

[119]. However, Springer noted that some of the germ-free chicks fed on germ-free diet also developed 

low anti-B Ab titers in amount of 10% of that found in non-germ-free chicks [119], indicating that the 

anti-B Ab development in germ-free chicks intentionally immunized with the “B-like” bacterial Ags in 

diet is quantitative [119].  

In his next experiment in humans, Springer administered via the gut killed E. coli O86 to blood group A or 

O individuals, with ages ranging from 1 week to 70 years old [120]. Springer found that the increase in 
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anti-B Abs (up to 4-fold in infants) was accompanied by an increase in specific Abs against E. coli O86. 

Moreover, the neutralization of these specific Abs by the bacterial “B-like Ag” would inhibit the 

hemagglutination of the blood group B reagent erythrocytes [120]. As expected, administration of the 

bacteria via the gut induced anti-B Ab in blood group A individuals, but not in group B ones [120].  

Importantly, once the chemical structure of blood group B-Ag was revealed [126-128], it was found to be 

similar to “B-like” Ags of the E. coli O86 [129]. Springer’s hypothesis about the origin of ABO Abs was 

supported by 1980s studies showed that Abs to CHO-Ags, including ABO Abs, were greatly reduced in 

germ-free mice [130, 131]. Moreover, germ-free mice exposed to non-sterile food or to gavage of digested 

food of conventional mice developed ABO Abs [132]. Without such exposure, the germ-free mice did not 

produce detectable ABO Abs [132].  

In humans, infants generally do not produce ABO nAbs until the age of 3-9 months [133, 134], and 

ingestion of E. coli O86 bacteria was shown to raise the anti-B Ab titer in 2-17 weeks old infants [120]. In 

further agreement with the bacterial stimulus hypothesis, ingestion of probiotic bacteria was associated 

with extremely high titers of anti-B hemagglutinin
 
(up to 1/16,384) in blood group A individuals [135]. 

Taken together, these data supported Springer’s hypothesis that ABO Abs are induced following gut 

exposure to exogenous “A/B-like” Ags, consistent with other studies suggesting that “A/B-like” Ags 

present in food and environment can affect ABO Abs levels among blood donors [136-138].   

1.6.2. Limitations of the hypothesis on the bacterial origin for ABO nAbs development 

In contrast to Springer’s hypothesis about the gut bacterial origin of the stimulation that elicits ABO Abs 

production, other studies showed that the total IgM level in serum is relatively stable and similar in both 

germ-free and conventional mice [130, 131]. Early in the 1950s, germ-free chickens were reported to 

produce natural hemagglutinins against various bacterial strains [139]. These studies also reported that, 
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following intravenous injection of bacterial Ags, the germ-free chickens produced Ab titers comparable to 

conventional chickens [139]. 

Moreover, it was shown that in germ-free mice the reactivity of serum IgM against bacterial extracts was 

not significantly different from the reactivity observed in conventionally housed mice [140]. Additionally, 

it was also noted that induction of ABO Abs does not usually correspond with the expression of “A/B-

like” Ags on the bacteria used to stimulate the germ-free mice [132]. In particular, molecular mimicry, in 

which a foreign Ag shares epitope similar with self-Ag [141](“A/B-like Ags”?), was thought to explain 

Springer’s hypothesis [132].  

In short, Springer’s hypothesis does not explain why some germ-free mice produce low titer of ABO nAbs 

or other IgM nAbs against bacterial CHO-Ags [130, 131, 140]. Knowing that “A/B-Ags” are ubiquitously 

distributed in food and other environmental factors [136, 142, 143], it remains unclear whether mice and 

human spontaneously produce ABO nAbs, or whether these nAbs are only produced after exposure of 

naïve B cells to a bacterial stimulus. However, whether participation of bacterial flora is required for 

production of de novo ABO Abs by naïve B cells, or merely augment pre-formed ABO nAbs, is unknown.  

1.7. B1 cells and nAbs production  

NAbs have an important function in immunity and tolerance, such as protection against infection [104-

106], cancer [144], autoimmune and [145] chronic diseases [146] (Figure 1.5). Nabs repertoire contains 

immunoglobulin of class M (IgM), IgG, and IgA and could play important roles in B cell functions, such 

as development of B cell tolerance [147, 148], repertoire selection [149], and Ab production [150]. 

In mice, nAbs are thought to be produced mainly by the B1 cell population [106, 151-153]. These B1 cells 

reside in many locations, including peritoneal and pleural cavities, spleen, peripheral blood and bone 

marrow (reviewed in [154]). B1 cells are defined by the surface markers CD19
hi
, CD1d

mid
, CD23

-
, CD43

+
, 



18 
 

IgM
hi
, IgD

low
 and CD5

+
 (B1a) or CD5

- 
(B1b) [153, 154]. In humans, it is not clear whether cells equivalent 

to mouse B1 cells exist. Some studies reported the existence of B1 cells population in human blood [155-

158], however, it is thought that they are activated B cells or plasmaplast [159, 160]. In this regard, human 

MZ B cells are the main innate-like IgM-producer B cells with specificity for conserved microbial Ags 

(i.e. a pathogen-associated molecular patterns such as LPS or peptidoglycan [161, 162]) and therefore may 

respond in lieu of mouse B1 cells. 

Mouse B1 cells spontaneously produce nAbs by mechanisms that are yet to be fully understood [163]. The 

abundant nAbs produced by B1 cells can bind to various naturally-occurring CHO structures, including 

A/B-Ags, glycolipids, glycoproteins, and microbial polysaccharides [164-166]. Although nAbs recognize 

various bacterial Ags, thereby providing protection against many bacterial pathogens [167-171], it is not 

fully understood whether exposure to such bacteria is required to induce nAbs production. For instance, it 

was reported that germ-free mice can produce anti-fungal β-glucan and chitin nAbs [171], suggesting that 

B1 cells do not require external stimulation to produce nAbs [171-173].  

Recently, the Kubes’ group showed that female mice produce higher anti-E. coli nAbs than male mice and 

that these nAbs are produced independent of exposure to bacteria [174]. They also showed that germ-free 

female mice were able to produce higher anti-E. coli nAbs titers than males and that these titers are 

comparable to those in conventionally-housed female mice [174]. Similar to nAbs produced during 

puberty in rabbits [175], sex hormones produced during puberty might be key factor eliciting these anti-E. 

coli nAbs produced in conventional and germ-free mice [174].  

In general, the repertoire of nAbs (which includes IgM, IgG, IgE, and IgA) is characterized by low affinity 

and broad reactivity. These nAbs are encoded by germline Ig sequences and were found to specifically 

react to conserved epitopes expressed on microorganisms [105, 169, 176, 177] or on endogenous epitopes 
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expressed on host cells [178, 179](Figure 1.5). Therefore, two pathways have been proposed, based on the 

stimulus that leads to nAbs production [180-182].      
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Figure 1.5: Natural Abs: production, function, isotypes, and antigen recognition. An overview of 

nAbs location (orange circle), function (green boxes), targeted epitopes (yellow boxes), Immunoglobulin 

subclasses, and cells producing these nAbs (blue circles). Picture is modified from Holodick et al. [106]. 
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1.7.1. Stimulation of nAbs production 

There are data indicating that healthy people ubiquitously produce nAbs that can bind to self-Ags [183-

185]. It was hypothesized that nAbs are a result of endogenous stimulation by waste material and cellular 

by-products, such as apoptotic and senescent cells [186-189], tumor-associated CHO-Ags [144, 190], as 

well as normal tissue by-products [178, 179, 191, 192]. Accordingly, it was suggested that nAbs play an 

important role in maintaining an “internal homeostasis”, by phagocytosing the nAbs-covered dead and 

apoptotic cells [193-195]. 

NAbs is also considered as a first line of defense against microbial invasions, such as bacteria [167, 196], 

spirochetes [168, 197], viruses [169, 198, 199], parasites [200, 201], and fungi [202, 203]. The function of 

nAbs with specificity for bacteria is of special interest, as the intestine is colonized by bacteria within days 

after birth [204]. The role of intestinal bacteria during stimulation of nAbs, such as ABO nAbs, is 

particularly important, because ABO nAbs are important immunological barrier in the setting of ABOi-Tx 

and in blood transfusion. 

  1.7.2. Spontaneous production of ABO nAbs  

Despite data supporting Springer’s hypothesis that ABO Abs are induced by exposure to “A/B-like Ags” 

on bacteria [119, 120, 130-132], it cannot be concluded that bacterial flora is absolutely required during 

production of ABO nAbs. Other nAbs were reported to be induced by “non-bacterial stimuli” such as food 

allergens [143, 182], and self-Ags [183-185]. Furthermore, there are data, as noted above, showing that the 

expression of “A/B-like Ags” on bacteria does not usually correspond with ABO Abs production [119, 

132] or with IgM levels in germ-free and conventional mice [131, 140]. For instance, Arend’s data in 

1970s suggested that some GalNAc glycan-bearing hydrophilic ovarian glycolipids may endogenously 

stimulate anti-A Ab in female mice [205-207]. He showed that ovariectomised female mice exhibited 
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lower anti-A Ab production than that in non-ovariectomised mice [205-207]. Interestingly, mice [174] and 

rabbits [175] showed an elevation of nAbs during puberty (in both sexes), suggesting that sexual or 

physiological maturation corresponds with nAbs production. 

In summary, current data suggest that the origin of nAbs can be attributed to three factors. First, it is due to 

exposure to exogenous pathogens [167-169, 196-203]. Second, it is a result of spontaneous production by 

B cells in the absence of known stimulation [140, 172, 208]. Third, it is a result of stimulation by 

endogenous host epitopes [183-185], such as stimulation by cell products of normal tissues [178, 179, 186-

189, 191, 192] or tumor cells [144, 190]. Thus, mechanisms of nAbs production, including ABO Abs, 

remain unclear and require further investigation. 

1.8. Mechanisms of B cell tolerance 

This section will explore how B cells with specificity to self-Ags are regulated, with emphasis in the role 

of Siglecs in autoimmunity, tolerance, and Ab production against CHO-Ags. Studying B cell tolerance is 

important, because one of the major obstacles in organ Tx is the need for life-long immunosuppressive 

drug therapy with its many side-effects, and preventing Ab-mediated rejection would save the use of 

insufficient donor organs for Tx. Moreover, studying B cell tolerance to A/B-Ags is also important, 

because our studies showed that B cell tolerance develops in infant recipients of ABOi-HTx [88] by poorly 

understood mechanisms that require further investigations. 

Paul Ehrlich (1854–1915) rejected the idea that the immune system can attack and destroy self-tissue, 

"horror autotoxicus", in a healthy individual and he postulated that immunological mechanism(s), “certain 

contrivances”, can prevent such immunological attacks [209]. Currently, it is understood that lymphocytes 

undergo several processes (both central and peripheral) to eliminate newly developed self-reactive cells. 

For B cell tolerance, a number of intrinsic and extrinsic mechanisms have been described to control self-
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reactive B cells, including receptor editing [210], deletion [210], anergy [211], and active suppression by 

regulatory cells [212]. B cell receptor editing occurs in the bone marrow (central tolerance), anergy and 

suppression occur in the periphery (peripheral tolerance), and deletion occurs in both locations. 

However, these mechanisms of tolerance are not “perfect” [213, 214]. For instance, some B cells residing 

in peripheral blood are in a quiescent state and therefore might react with self-Ags upon appropriate 

stimulation [215-218]. In addition, some B cells in the periphery (reacting to TD-Ags) can develop 

autoreactive Abs against self-Ag following somatic hypermutation [219-222].  

Expression of co-receptor molecules, such as CD22 and other sialic acid-binding immunoglobulin-like 

lectins (Siglec, eg: Siglec-g), on mouse B cells can serve as “rheostats” to maintain activation or down-

regulation of B cells and therefore maintain immunity while preventing autoimmunity in the periphery 

[223, 224]. Interestingly, deficiency of CD22 or Siglec-g in older mice (C57BL/6 and BALB/c strains) 

does not automatically result in autoimmunity, but the lack of both CD22 and Siglec-g can lead in old 

mice to spontaneous development of high level of IgG auto-Abs, glomerulonephritis, as well as lupus-like 

autoimmune disease [224]. These findings suggest that CD22 and Siglec-g have compensatory rather than 

redundant functions.  

1.9. Siglecs and B cell immunity to CHO Ags 

CD22 and Siglec-g are important B cell regulators of immune response to TI-2 CHO-Ags [225-229], 

where CD22 and Siglec-g involvement could result in B cell inhibition [227, 229, 230] or tolerance [225, 

228]. CD22 and Siglec-g are members of the Siglec family of adhesion molecules involved in regulation 

of BCR signaling [231-233], and in autoimmunity and infection (reviewed in [234-237]). CD22 is 

predominantly expressed on mature conventional B2 cells in the marginal zone and mantle zone of the 

spleen [238, 239], suggesting that CD22 may regulate nAbs produced by marginal zone B cells. Siglec-g 
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expression is restricted to B cells, with higher expression on CD5
+
 B1a cells and lower expression on B1b 

and conventional B2 B cells [238, 239].  

1.9.1. Siglecs signaling pathway 

During B cell activation via BCR cross-linking, the activation of the BCR-associated kinase Lyn results in 

phosphorylation of the immunoreceptor tyrosine-based inhibition motifs (ITIM) or ITIM-like molecules in 

the cytoplasmic domain (tail) of CD22 [231, 233, 239-246]. The phosphorylation and activation of ITIM 

in the CD22 tail leads to recruitment of the Src homology 2 (SH2)-containing tyrosine phosphatase-1 

(SHP-1) or the SH2 domain-containing inositol 5-phosphatase (SHIP, via the adapter molecules Grb2) into 

the BCR complex, followed by dephosphorylation of the B-cell linker protein (BLNK) complex and 

thereby inhibiting or dampening signaling downstream from the BCR complex [231, 233, 239, 241, 243-

248] (Figure 1.6 A).  

Similar to CD22, Siglec-g (Siglec-10 in humans) was shown to be involved in the regulation of BCR 

signaling [231, 239]. The exact pathway of Siglec-g signaling is less understood, but may involve 

phosphorylation of ITIM motif and recruitment of SHIP downstream of Siglec-g [231, 249]. Interestingly, 

Siglec-g knock-out (KO) mice show higher Ca
++

 mobilization in B1 cells, but not splenic B2 cells 

[249](Figure 1.6 B). 
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Fig. 1.6: Mechanisms of CD22 and Siglec-g signaling. (A) During BCR cross-linking, the BCR-

associated kinase Lyn is activated and result in phosphorylation of ITIM or ITIM-like molecules down of 

CD22 tail. Next, the activated ITIM in the CD22 tail would lead to recruitment of SHP-1 and SHIP (via 

Grb2) into the BCR complex, resulting in dephosphorylation of BLNK and inhibiting /dampening the BCR 

downstream signaling. (B) The exact pathway of Siglec-g is not completely understood, but may involve 

phosphorylation of ITIM motif and recruitment of SHIP linked to Siglec-g tail [231]. Siglec: sialic acid-

binding immunoglobulin-like lectin, BCR: B cell receptor, ITIM: immunoreceptor tyrosine-based 

inhibition motifs, SHP: Src homology 2 (SH2)-containing tyrosine phosphatase-1 (SHP-1), SHIP: SH2 

domain containing inositol phosphatase, BLNK: B-cell linker protein. Picture is modified from Nitschke et 

al. [231].  

 

 

 

 



26 
 

1.9.2. Impact of Siglecs-deficiency on B cell expansion, survival, and Ab production  

In Siglec-gKO mice, there is expansion of B1a cells in the bone marrow, spleen, and peritoneal cavity 

[249, 250]. Additionally, mice deficient for both CD22 and Siglec-g (CD22xSiglecgKO) have a greater 

expansion of B1 cells accompanied by a 5-8 fold increase in IgM nAbs production compared to wild-type 

(WT) mice. This B1 cell expansion is significantly higher than in either CD22 or Siglec-g single KO mice 

[224](Table 1.1).  

Despite the discovery of CD22 molecule in the early 1990s [251], the exact impact of CD22 deficiency on 

Ab production remains controversial. Some studies reported that in CD22KO mice the lack of CD22 

expression on B cells promotes B cell hyper-responsiveness to protein and CHO-Ags [252-254]. In 

contrast, other studies reported that CD22KO mice have impaired Ab production [224, 255, 256] and that 

CD22 deficiency does not impact anti-CHO Ab production [257-259]. Similar conflicting results to CD22 

have also been reported in Siglec-gKO mice [224, 249, 250](Table 1.2). An explanation for these widely 

varying conclusions may be that these studies did not examine the occurrence of nAbs production against 

these chemical structures (i.e. dinitrophenyl/trinitrophenyl (DNP/TNP)) used to immunize the mice (Table 

1.3).  

In contrast to both CD22 [252-254] and Siglec-gKO mice [249], CD22xSiglecgKO mice developed weaker 

Ab production in response to immunization by TNP-based Ags [224]. It was speculated that the weak Ab 

production in CD22xSiglecgKO mice is due to stimulation by TNP that would induce hyper-cross linkage 

of BCR and therefore an excessive stimulation of B cells that leads to apoptosis and impairment of TNP 

Ab production [254, 260]. These studies further speculated that CD4+ T cell help (eg: via CD40-CD40L 

[245, 260]) could rescue this excessive B cell stimulation by TNP, thus preventing B cell apoptosis [254, 

258, 260].  
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However, the exact role of CD4+ T cells in Ab production in CD22xSiglecgKO mice remains unclear. For 

instance, whether CD4+ T cells are required to rescue B cells that would otherwise undergo apoptosis (and 

therefore allowing Ab to CHO-Ags to be produced) has not been studied in Siglecs-deficient mice. 

Moreover, whether B cell hyper-stimulation and apoptosis are uniquely induced by DNP/TNP, but not by 

naturally-occurring CHO, is unknown. Nevertheless, it was reported that stimulation of CD22xSiglecgKO 

mice by LPS, R848, or CpG (TLR4, TLR7, and TLR9 agonist, respectively) would induce B1 cell hyper-

proliferation [224], suggesting that TLR and CD4+ T cells could play a role in autoimmunity in  

CD22xSiglecgKO mice [261].  
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Table 1.1: Expansion of B1 cells: Effect of Siglecs deficiency on the expansion of peritoneal B1 cells and 

IgM nAbs production in CD22, Siglec-g, and CD22xSiglecgKO mice. The table shows a summary from 

various studies.  

Mice Peritoneal B1 cell expansion  IgM nAbs Ref. 

CD22KO  Higher (1.5x B1a, 0.7x B1b) Higher (1.4x) [258] 

CD22KO Higher (2x B1) Higher [252] 

Siglec-gKO Higher Higher [262] 

Siglec-gKO Higher (5-9x B1a, 2.5x B1b) Higher (5-7x) [249] 

Siglec-gKO Higher (5x B1a, normal B1b) Higher (5-10x) [250] 

Siglec-gKO Higher (10x B1a, normal B1b) Higher (10x) [226] 

CD22KO Normal  Higher   [224] 

Siglec-gKO Higher  (6x B1a, 2x B1b) Higher (5x) [224] 

CD22xSiglecgKO Higher (10x B1a) Higher (8x) [224] 
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Table 1.2: Impact of Siglecs-deficiency on induced Ab production: The effect of Siglecs-deficiency on 

Ab production, compared to WT mice. The table summarizes data from various studies. TD: T-dependent, 

TI-2: T-independent type 2, ND: not determined, DNP: 2,4-dinitrophenyl, TNP: 2,4,6-trinitrophenyl, 

CGG: chicken gamma globulin, KLH: Keyhole limpet hemocyanin, PPS: pneumococcal polysaccharides.  

Mice TD-Ag  anti-D/TNP TI-2 Ag anti-D/TNP Ref.  

CD22KO  DNP-KLH Augmented TNP-Ficoll, PPS-3 Impaired  [254]   

CD22KO  OVA-Alum Impaired  DNP-Ficoll Impaired  [256]  

CD22KO NP-CGG Normal  N/A ND [257]  

CD22xSiglecgKO TNP-Ficoll Impaired  NP-OVA Impaired  [224]  

CD22KO TNP-CGG Augmented N/A ND [253]  

Siglec-gKO TNP-OVA Normal/Augmented Dextran, TNP-Ficoll Augmented [249]  

Siglec-gKO OVA/CFA Normal  N/A ND [250]     

CD22KO  N/A ND NP-Ficoll Normal  [259]  

CD22KO  N/A ND TNP-Ficoll Impaired  [255]  

CD22KO  NP-OVA Normal  TNP-Ficoll Impaired  [260]  

CD22KO  DNP-KLH Normal  DNP-Ficoll Impaired  [263]  

CD22KO DNP-KLH Normal  DNP-Ficoll Normal  [258]  

CD22KO TNP-CGG Augmented ND ND [252]  
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Table 1.3: Anti-TNP nAbs: IgM and IgG nAbs anti-TNP in humans and animals, summary from various 

studies. ND: not determined, TNP: 2,4,6-trinitrophenyl. 

Animal  IgM anti-TNP nAbs IgG anti-TNP nAbs Ref 

Mice 0.15% of B cells, Ab is ND ND [264] 

Monkeys 0.17% of B cells, Ab is low Low [265] 

Pigs High High [266] 

Humans High High [267] 

SLE patients High High [268] 

Mice High High [269] 

Mice High ND [270] 

Rats High (5% of B cell hybridoma) ND [271] 

Mice High (6.25% of B cells) ND [272] 

Mice High ND [273] 
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1.9.3. Impact of Siglecs/Siglecs-ligand interaction in Ab production 

CD22 and Siglec-g are stimulated by binding to sialic acid-bearing glycoproteins, such as the binding of 

CD22 to α2,6-linked sialic acid-bearing glycans, and Siglec-g to both α2,6- and α2,3-linked sialic acid–

bearing glycans [225, 231]. The binding of CD22/Siglec-g to their ligands (CD22L/SiglecgL) can occur 

through binding in cis on the same cell surface structures, such as to the BCR-CD22L complex [226, 227, 

274-276]. Alternatively, CD22 and Siglec-g can bind to their ligands expressed on other cell surfaces, such 

as binding in trans to T cells [275, 277], dendritic cells [278], endothelial cells [279, 280], or to synthetic 

chemical structures [225, 228, 229, 281].  

Interestingly, studies showed that CD22 and Siglec-g expressed on B cells can regulate the immune 

response to sialylated TI-2 glycans, such as the DNP-CD22L-polymer [229], in the setting of B cell 

self/non-self-discrimination [225-229](Figure 1.7). The outcome of trans interactions of CD22/Siglec-g 

with CD22L/SiglecgL resulted in B cell inhibition [226, 227, 229] or tolerance [225, 228]. In our studies 

following the development of B cell tolerance to donor ABH-Ags post ABOi-HTx during infancy [88], 

West’s research group found that not only does the CD27
+
IgM

+
 B cell population express higher levels of 

CD22 in infants than in adults [282, 283], but also that ABO Abs are mainly produced by this CD27
+
IgM

+
 

B cell population [282, 283]. It was suggested that the high-level of CD22 expression on B cells in infants 

may play a role in the development of B cell tolerance to donor A/B-Ags following ABOi-HTx in infants 

[282, 283].  
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Fig. 1.7: Impact of CD22-CD22L interaction on the B cell response to TI Ags. Without CD22/CD22L 

interaction, antigenic polymers displaying DNP can initiate BCR downstream signaling and therefore 

induce B cell response. However, binding of BCR/CD22, to displayed DNP/CD22L co-polymer, 

respectively, can attenuate BCR signalling and inhibit B cell response to DNP-Ag. TI: thymus-

independent, DNP: 2,4-dinitrophenyl, BCR: B cell receptor. Picture is modified from Courtney et al.[229].  
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1.10. Sex and nAbs 

Recently, sex has received increased attention as an important biological factor and the importance of sex 

in immune responses is becoming increasingly understood in both human and mouse (reviewed in [284-

286]). For instance, leukocytes show higher reconstitution rate in female than male mice, such as B cells 

reconstitution in the bone marrow of humanized mouse [287] or B and T cells reconstitution in peritoneal 

and pleural cavities of Rag2
−/−

 mice [288]. However, whether Ab production is generally impacted by sex 

is not clear and requires further investigation. 

Early observations showed that WT mice develop variable levels of ABO nAbs [72, 101, 289] with 

increasing age in a similar fashion to humans [133, 134]. However, it is not clear whether there is also 

variation in natural anti-A and anti-B Abs levels associated with sex. Our preliminary observation in 

BALB/c mice suggested that old female mice tend to produce more ABO nAbs than old males 

(unpublished observations). Intriguingly, early reports noted that female mice produced higher anti-A nAbs 

than males, which was explained by endogenous stimulation by “A-like Ag” produced by ovarian tissues 

during puberty [205-207]. As noted above, similar results in mice were recently reported for nAbs 

production during puberty [174]. In this report, female mice produced more anti-E. coli nAbs that allowed 

capturing and clearing bacterial infections in offspring [174]. 

1.11. Background to induced ABO Abs production (This work will be described in Chapter 3)  

    1.11.1. Gap of knowledge related to induction of ABO Abs production 

Induction of Ab production to CHO-Ags with repetitive epitopes has generally been considered to occur 

without T cell participation, thus “T cell-independent” [47, 50, 68, 69]. Although A/B-Ags are naturally-

occurring CHO-Ags, there is no consensus regarding the requirement of T cell participation for the 

production of anti-A and anti-B Abs in response to stimulation by A and B-Ags, respectively. Some 
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reports concluded that CD4+ T cell participation is required for anti-A [269] or anti-B [290] Ab production 

while other studies reported that it is not for anti-A [291] or anti-A and anti-B Abs production [72]. A third 

possibility is that CD4+ T cells participation is not required for anti-A and anti-B Abs production but 

nonetheless impacts Abs level. To evaluate the gap of knowledge regarding T cell involvement in the 

induction of anti-A/B Abs in mice, I briefly analyzed the outcome of these studies.  

            1.11.1.1. Induction of ABO Abs production does not require T cell participation 

One study used athymic and CBA/xid mice and concluded that induction of ABO Abs production in mice 

does not require T cell participation [72]. However, athymic mouse produces extrathymic T cells [292-

294] that may have participation in induction of ABO Abs production. Moreover, mutation in Bruton’s 

tyrosine kinase signaling was reported to impair B cell maturation and response in CBA/xid mice [295-

297]. These conclusions were based on inappropriate mouse models and therefore might be flawed. 

NAbs develop in the absence of known exposure to cognate Ag and this study [72] did not investigate 

whether athymic mice spontaneously develop ABO nAbs without exposure to human A/B-RBC. 

Therefore, investigating the spontaneous development of ABO Abs is paramount to confirm whether 

induction of ABO Abs was due exposure to A/B-Ags or they occurred naturally without stimulation by the 

A/B-Ags, and whether ABO Abs could be induced beyond the natural ABO Abs production.  

1.11.1.2. Induction of ABO Abs production requires natural killer T cell participation 

It was also concluded that interaction of NKT cells with CD1d is required for induction of ABO Abs 

production, by demonstrating that human A-RBC injection can induce anti-A Ab production in MHC-IIKO 

mice, but not in athymic or in CD1dKO mice [291]. 
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Similar to the previous study [72], this study [291] did not demonstrate whether ABO Abs develop without 

exposure to human A-RBC in these strains. Interestingly, this study showed development of low level of 

anti-A Ab in the CD1dKO mice, suggesting that NKT cell may not be an absolute requirement for ABO 

Abs production [291]. Furthermore, spontaneous production of anti-A Ab prior to immunization by A/B-

Ags in athymic and MHC-IIKO mice [291] brings into question whether human A-RBC injection did 

induce anti-A Ab production, or whether the mice spontaneously produce natural anti-A Ab (anti-A nAbs) 

regardless of exposure to human A-RBC. 

The similarity between the study that reported that T cell is not required for induction of ABO Abs [72] 

and the requirement of NKT cell in this study [291] is that they both concluded that ABO Abs production 

does not require CD4+ T cell participation. However, the two groups did not show whether ABO Abs 

production was induced or occurred independent of the human A/B-RBC injection. Interestingly, the 

difference in these two studies [72, 291] is that the induction of ABO Abs in athymic mice in this  study 

[72] was in direct contrast to the data in athymic mice in the other study [291].  

              1.11.1.3. Induced ABO Abs production requires CD4+ T cell participation 

A third group concluded that CD4+ T cell participation is required to induce ABO Abs production [290], 

similar to unpublished observations from our research group suggesting that CD40-CD40L interaction is 

required for induction of ABO Abs production [269]. Similar to previous studies [72, 291], whether CD40 

or CD40LKO mice are induced with injection of human A/B-RBC to produce ABO Abs, without CD40-

CD40L interaction that suggest CD4+ T cell involvement, or whether these mice spontaneously produce 

ABO nAbs regardless of human A/B-BCM injection, or whether both processes occur, was not 

investigated.  
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Moreover, following depletion of CD3+, CD4+, and CD40L+ T cells and injection of A/B-RBC or rat 

thymocytes, respectively, they detected production of ABO or α-gal (in α-galKO mice) Abs [290]. 

However, this study, like the previously mentioned studies, also did not investigate whether development 

of ABO and α-gal nAbs were induced by A/B and α-gal Ags, respectively [290]. 

   1.11.1.4. Biological factors related to nature of CHO-Ags, injection route, and mouse model 

The outcome of the BCR engagement with CHO-Ags is thought to depend on the dose and route of 

administration of CHO-Ags [196]. For instance, in mice, peritoneal exposure to CHO-Ags is thought to 

recruit B1 cells, whereas intravenous exposure to the same CHO-Ags is thought to recruit both B1 and 

marginal zone B cells [196]. Accordingly, exposure to non-self A/B-Ags in the setting of organ Tx or 

blood transfusion might result in different stimulation pathway than an exposure via intraperitoneal 

injection of A/B-Ags.  

Furthermore, those studies that concluded that Ab production to CHO-Ags is T-independent relied on 

chemically synthesized CHO structures, such as DNP/TNP-Ficoll [298-302]. These synthetic CHO-

structures may not function as surrogates for naturally-occurring CHO-Ags, such as A/B or α-gal Ags. 

Moreover, reported discrepancies in ABO Abs production in response to ABO Ags may be due to use of 

inappropriate mouse models with particular limitations, such as athymic mice [72]. 

1.11.2. Rationale to study the role of T cells in induction of ABO Abs production 

For expanding ABOi-HTx effectively into patients beyond infancy and managing ABO Abs pre and post 

ABOi organ Tx in adults, it is necessary to have a clear understanding of the mechanism(s) by which ABO 

Abs develop after exposure to non-self A/B-Ags. Previous studies have used chemically synthesized CHO 

structures [303-308] or mouse models with various limitations, such as athymic and CBA/N xid mice [72, 

291], to conclude that Ab production to CHO-Ags occurs without T cell participation. Moreover, the role 
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of T cells on induction of ABO Abs to A/B-Ags remains unclear as those studies did not differentiate 

development of ABO nAbs from those induced by exposure to A/B-RBC [72, 290, 291].  

1.11.3. Hypothesis 

Based on preliminary findings from our research group suggesting a role for CD40 in the induction of 

ABO Abs production [269], I hypothesize that A/B-Ags will not stimulate ABO Abs production without 

CD4+ T cell participation. For instance, A/B-Ags expressed on erythrocytes (blood group type A/B) may 

be immunogenic in WT mice provided that additional elements (such as foreign proteins that are known to 

engage CD4+ T cells) are physically/chemically linked to that A/B-Ags. Accordingly, I expect that in the 

presence of CD4+ T cell participation, exposure to A-Ag in the context of foreign proteins would induce 

anti-A Ab production. Thus, I will use our syngeneic and allogeneic A-Tg blood cells or heart graft, in 

comparison with xenogeneic Hu A-BCM, to test the requirement for CD4+ T cell participation in my 

experiments.  

         1.11.4. Goals and objectives to study induced ABO Abs production 

My goal is to investigate the role of CD4+ T cell participation on induction of ABO Abs production. 

Therefore, I will determine whether anti-A Ab is induced following immunization by A-Ag in the context 

of syngeneic, allogeneic, or xenogeneic stimulation (Chapter 3 will discuss this details). 

1.12. Background to natural ABO Abs (ABO nAbs) production (This work is described in Chapter 4) 

      1.12.1 Gap of knowledge related to ABO nAbs production 

Mice produce nAbs to various polysaccharide Ags (including ABO nAbs [101, 290, 291, 309]) that make 

mice are a good model to study ABO nAbs development without exposure to A/B-Ags. It is generally 

accepted that formation of these ABO nAbs in animals or in humans are induced by “A/B-like Ags” 
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expressed on bacterial flora [130-132], such as blood group B +ve E. coli O86 (BGB
+
 E. coli O86)[119]. 

This theory (Springer’s theory) was supported by data showing that the chemical structure of the blood 

group B-epitope is similar to epitope expressed in BGB
+ 

E. coli O86 [126, 129]. Herein, I summarize the 

conclusions related to the mechanisms causing nAbs production against polysaccharide Ags, with special 

interest on ABO nAbs production. 

          1.12.1.1. ABO nAbs development and requirement of T cells participation 

Studies demonstrated that polysaccharide Ags, such as dextran and bacterial capsular polysaccharides can 

stimulate strong BCR signaling causing production of nAbs without CD4+ T cell participation (T-

independent) [47, 50, 68, 69]. ABO Abs production in WT mice has also been regarded as CD4+ T-

independent [72, 291] in a manner similar to the production of α-gal nAbs in α-gal KO mice following T 

cell depletion [310]. Due to the close similarity of α-gal and B-Ags [311, 312], it has been assumed that 

CD4+ T cell participation is not required for production of ABO Abs in this setting. 

However, my data [313, 314] and others [290] showed that CD4+ T cell participation is necessary for 

production of ABO Abs following immunization of mice with human A/B-RBC, consistent with a CD4+ 

T-dependent Abs production. A confounding factor related to the CD4+ T cell role in these different 

findings may have been the lack of differentiation between ABO nAbs production and that induced by 

intentional immunization. The mechanism(s) causing ABO nAbs production may be different from those 

causing an induced Abs following injection with human ABO-RBCs, prompting me to study the 

requirement of CD4+ T cell participation in ABO nAbs production. 

          1.12.1.2. CD4+ T cells and regulation of ABO nAbs production 

Despite the fact that the induction of α-gal Ab production following intraperitoneal injection of xenogeneic 

pig kidney membrane in α-galKO mice appears to require CD4+ T cell participation [290, 315-317], 
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depletion of T cells was shown to enhance α-gal nAbs production without prior sensitization [310]. This 

later study suggested that the absence of CD4+ T cell participation enhances α-gal nAbs development, 

possibly due to lack of regulatory role of CD4+ T cell on B cells producing α-gal nAbs [310]. Therefore, 

the mechanisms involved in α-gal nAbs production may not be similar to induction of α-gal Ab production 

upon intentional stimulation. Based on preliminary findings in our lab suggesting an important role for 

CD4+ T cells in the induction of ABO Abs production (Chapter 3), I expect that CD4+ T cells would also 

play an important role in spontaneous production and regulation of ABO nAbs. 

          1.12.1.3. Gut bacteria and ABO nAbs development 

Aside from the data supporting Springer’s theory regarding the role of bacteria in the formation of ABO 

nAbs in germ-free animals and in humans [119, 126, 129-132], there are also data that may not fit with 

Springer’s theory [130-132, 140]. For instance, Springer noted that some germ-free chicks developed very 

low anti-B Ab without exposure to E. coli O86 [119]. Moreover, it was also noted that after exposure of 

germ-free mice to bacterial stimulus from gavage of conventionally-housed mice, the specificity of Abs 

developed in those germ-free mice does not usually correspond to the bacterial Ags in that gavage [132]. 

Furthermore, studies found that in serum of mice, the overall repertoire of IgM reacting to bacterial 

extracts, or the abundance of total IgM against natural CHO-Ags, are generally stable in both germ-free 

and in conventional mice [130, 140]. 

Knowing that substances in food and environment affect ABO nAbs levels in human blood donors [136-

138], it remains unresolved question as to whether bacterial flora is absolutely required for production of 

ABO nAbs, or whether the bacterial flora partially participate in the production of ABO nAbs. Therefore, I 

will explore the exact contribution of bacterial flora in ABO nAbs production, by assessing ABO nAbs 



40 
 

development in WT mice treated with antibiotics following standard protocol [318, 319] and in germ-free 

housed-mice.  

          1.12.1.4. Sex as a biological variable in nAbs production. 

Sex is an important biological factor in immune responses in mice and humans [284, 285]. Recent data in 

mice [174] found that there was a significant sex-biased increase in nAbs reactive to pathogenic E. coli 

and that these Abs were predominantly produced in female mice, where sex hormones (such as estrogen) 

play important role in production of anti-E. coli nAbs [174]. Interestingly, these anti-E coli nAbs (IgG) 

were found to react to capsular oligosaccharides of the bacteria and cross the placenta to provide 

protection to the mice offspring [174]. Importantly, both germ-free and conventionally-housed female 

mice produced similar level of anti-E. coli nAbs [174].  

Despite data showing that older WT mice develop ABO nAbs with variation in titer [72, 101, 289] in a 

similar fashion to humans [133, 134], it is not clear whether this variation in titer is linked to sex per se. As 

the impact of sex as a biological variable is becoming increasingly understood, I will investigate the 

impact of sex on ABO nAbs development in mice and potentially in humans (human study is beyond the 

scope of this thesis).  

          1.12.2. Rationale to study impact of T cells, bacterial flora, and sex in ABO nAbs production 

Individuals normally produce ABO nAbs reactive to non-self A/B-Ags, presumably due to immunologic 

cross-reaction to “A/B-like” epitopes expressed on gut bacterial flora [120, 133]. Binding of those pre-

formed ABO nAbs to cognate non-self A/B-Ags expressed on graft endothelium is a potential barrier for 

ABOi-organ Tx, because those nAbs would trigger a cascade of complement reactions that would typically 

lead to hyperacute rejection. Therefore, mechanism involved in the spontaneous production of ABO nAbs 
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is clinically important and may not be identical to ABO Abs induced by intentional immunization by A/B-

Ag expressed on RBC and graft endothelium.  

As noted above, a confounding factor related to whether CD4+ T cell is required [269, 290] or not required 

[72, 291] for induction of ABO Abs production may have been the lack of differentiation of ABO nAbs 

production from that induced by intentional exposure to A/B-Ags. Importantly, regulation of ABO nAbs 

production may be different from that regulate the induction of ABO Abs production. Additionally, it has 

been reported that bacterial gut flora expressing highly repetitive “B-like” epitopes participate in 

stimulation of anti-B Ab production [119, 120], but whether the bacterial flora is an absolute requirement 

for ABO nAbs production is not clear. 

         1.12.3. Hypotheses for the role of CD4+ T cell, bacterial flora, and sex in ABO nAbs production 

      1.12.3.1. The role of CD4+ T cells in ABO nAbs production 

Previous work showed that depletion of CD4+ T cells enhances the α-gal nAbs production [310]. 

Therefore, I hypothesize that the process of spontaneous production of ABO nAbs occurs in the absence of 

CD4+ T cell participation. Alternatively, it is possible that the participation of CD4+ T cell during ABO 

nAbs production is not absolutely required but nonetheless CD4+ T cell plays an important regulatory role. 

       1.12.3.2. The role of gut bacterial flora in ABO nAbs production                                         

Based on the formation of ABO Abs in germ-free chicks [119] and mice [130-132] following exposure 

to bacterial flora, I hypothesize that gut bacterial flora could play important role in the formation of 

ABO nAbs, but is not absolutely required for ABO nAbs production. 
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           1.12.3.3. The impact of sex as a biological variable in ABO nAbs production  

The impact of sex as a biological variable in immunity and tolerance is becoming increasingly understood. 

Recently [308], it was shown that female mice produced significantly higher anti-E. coli nAbs than males, 

suggesting that sex is important in nAbs production. Herein, I hypothesize that sex as a biological variable 

would also play important role in ABO nAbs production in mice. 

    1.12.4. Goals and objectives to study ABO nAbs production 

My goal is to investigate the requirement of CD4+ T cells, bacterial flora, and the impact of sex as a 

biological variable on spontaneous production of ABO nAbs in mice (Chapter 4). 

1.13. Background to role of B cell Siglecs in ABO Abs production (Will be described in Chapter 5) 

  1.13.1 Gap of knowledge related to the role of B cell Siglecs in ABO Abs production 

CD22 and Siglec-g are expressed at high levels on mouse marginal zone and B1 B cell subsets [239, 278, 

320], and were shown to regulate the immune response to T-independent sialylated CHO-Ags [154, 196, 

225-229, 321, 322]. These data suggest that CD22 and Siglec-g may play a role in the production of Abs 

against naturally-occurring CHO-Ags, such as A/B-Ags. 

        1.13.1.1. Impact of B cell Siglecs in production of ABO nAbs  

NAbs are thought to have specificities for epitopes expressed on microorganisms [105, 169, 176, 177] or 

self-tissues [178, 179], and to be mainly produced by B1 cells in mice [103, 323]. Compared with WT 

mice, there are higher numbers of B1 cell populations in the peritoneal cavity, with increased production of 

IgM nAbs in CD22KO [252, 258], Siglec-gKO [226, 249, 250, 262] and CD22xSiglecgKO mice 

[224](Table 1.1).  
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Although these studies looked at the impact of Siglecs-deficiency in production of nAbs, the role of 

Siglecs-deficiency in production of ABO nAbs has not been investigated. Therefore, I will investigate the 

impacts of Siglecs-deficiency, sex, and age in development of ABO nAbs. I predict that in the absence of 

Siglec, higher levels of natural and induced ABO Abs are produced.  

       1.13.1.2. Impact of B cell Siglecs in induction of ABO Abs production 

As previously mentioned, there is a discrepancy among research groups regarding the role of B cell Siglecs 

in induction of anti-CHO Abs production (Table 1.2). These groups have used chemically synthesized 

CHO structures, such as DNP/TNP-conjugated Ags, to study the impact of Siglecs-deficiency in induction 

of anti-CHO Abs production in Siglecs-deficient mice. However, these studies had various conclusions 

regarding the impact of Siglecs-deficiency on anti-DNP/TNP Abs production. For instance, some studies 

reported that CD22/Siglecg-deficiency promoted B cell “hyper-response” to stimulation by DNP/TNP-Ags 

[249, 252-254]. In contrast, others studies concluded that CD22/Siglecg-deficiency results in impaired anti-

CHO Abs production [224, 254-256, 260, 263], or has no significant impact at all [249, 250, 257-260, 

263](Table 1.2). 

A confounding factor in these various conclusions with regard to the impact of CD22/Siglecg-deficiency 

on induction of anti-DNP/TNP Ab production may have been the lack of differentiation between natural vs. 

induced anti-DNP/TNP Abs. For instance, anti-DNP/TNP nAbs have been reported to be spontaneously 

produced in mice [264, 269, 270, 272, 273], rats [271], humans [267, 268], pigs [266], monkeys [265], and 

fish [154, 231, 324](Table 3). Therefore, the requirements for development of DNP/TNP nAbs may differ 

from that induced by DNP/TNP-Ags stimulation.  
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    1.13.1.3. Impact of B cell Siglecs-deficiency in the T cell requirement for induction of ABO Abs 

In Chapter 3, I showed a requirement for CD4+ T cell participation for induction of ABO Abs. However, 

the impact of Siglecs effect on the requirement of CD4+ T cell participation for induction of ABO Abs 

production (or other protein Ags) has not been investigated. It is generally accepted that B cells from 

Siglecs-deficient mice require less stimulation for induction of B cell activation [260, 325]. Therefore, 

CD4+ T cell participation may not be required for induction of ABO Abs production.  

Using Siglecs-deficient mice, induction of ABO Abs production in the context of syngeneic and xenogeneic 

stimulation, compared with WT mice, may reveal a mechanism by which CD22/Siglecg-inhibitory 

signaling regulates immunity and tolerance to naturally-occurring CHO-Ags in the context of self/non-self 

discrimination.  

       1.13.2. Rationale to study the role of B cell Siglecs in ABO Abs production 

West’s lab data using human samples showed that ABO Abs are mainly produced by CD27
+ 

IgM
+
 B cells 

and that this B cell subset in spleen expressed higher levels of CD22 in infants than adults [282, 283]. 

Moreover, our research group found that high level expression of CD22 on these B cells corresponds to the 

development of ABO tolerance following ABOi-HTx during infancy.  

Although B cell Siglecs were described more than 25 years ago [251], the precise impact of Siglecs-

deficiency in Ab production to CHO-Ags remains controversial (Table 1.2). These studies did not 

determine the occurrence of nAbs production against the chemically synthesized CHO structures used in 

their studies (Table 1.3).  Moreover, these studies did not use naturally-occurring CHO-Ags (such as A/B 

and α-gal Ags) than may extensively cross-link the BCR [254, 260] and therefore induce B cell apoptosis 

rather than Ab production [245, 246, 326, 327].  
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1.13.3. Hypotheses on the role of Siglecs in natural and induced ABO Abs production 

1.13.3.1. Siglecs and natural ABO Abs production 

Expansion of B1 cells population [224, 252, 258] in Siglecs-deficient mice could play important role in 

ABO nAbs production in these mice. Accordingly, I hypothesize that Siglecs-deficiency will lead to 

production of high ABO nAbs. Therefore, I will use CD22KO mice to examine the impact of Siglecs-

deficiency in ABO nAbs production. 

1.13.3.2. Siglecs and induction of ABO Abs production 

I also hypothesize that without Siglecs-mediated inhibitory effects on B cells, induction of ABO Abs 

production by A/B-Ags in Siglecs-deficient mice will not require CD4+ T cell help. Therefore, I expect 

that in CD22KO mice, exposure to A-Ag alone (using syngeneic A-Tg blood) will induce anti-A Ab 

production. 

1.13.4. Goals and objectives to study impact of B cell Siglecs in ABO Abs production 

My goal is to define the impact of B cell Siglecs on ABO nAbs production, and define the impact of B cell 

Siglecs-mediated inhibitory effect on the requirement of CD4+ T cells participation for induction of ABO 

Abs production. 
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Chapter 2: 

Materials and Methods 

2.1. Mice: 

2.1.2. Wild-type and germ-free mice: C57BL/6 (B6, H-2
b
), BALB/c (BALB, H‐2d

), and C3H/He (C3H, 

H‐2k
) mice were purchased from Charles River Laboratories (Quebec, Canada). Serum of germ-free mice 

were kindly obtained from various sources, including University of Calgary (B6 and BALB serum from 

Dr. Paul Kubes’ Lab), University of Chicago (B6 serum from Dr. Marisa Alegre’s Lab), and University of 

Alberta (Swiss Webster (outbreed) serum from Dr. Ben Willings’ Lab).  

2.1.3. Knock-out mice: Mice homozygous for B6.129S2-Cd4
tm1Mak 

(Stock No: 002663) targeted mutation 

(CD4KO) on B6 backgrounds were purchased from Jackson Laboratory (USA). B6.129-H2-Ab1
tm1Gru

N12 

(Model #ABBN12-F) MHC class II genes targeted mutation (MHC-IIKO) and B6.129P2-

Tcrβ
tm1Mom

/Tcrδ
tm1Mom

 (Stock No: 002122) targeted mutation (TCRKO) mice on B6 backgrounds were 

purchased from Taconic or The Jackson Laboratory, USA, respectively. CD22KO
 
(B6, H-2

b
) mice were 

kindly provided by Dr. L. Nitschke (Erlangen, Germany).  

2.1.4. Transgenic mice for A-antigen: Using B6 and BALB background mice, our group (with our 

collaborators) have developed transgenic mice expressing human A-Ag, by linking human H-

glycosyltransferase and A-glycosyltransferase, under control of the ICAM-2 promoter [99-101]. The 

expression of A-Ag was confirmed on various tissues, such as erythrocytes, leukocytes, vascular 

endothelial cells, heart, kidney and lung [101]. Our research group also generated A-Tg BALB mice by 

backcrossing of the A-Tg B6 line to BALB mice for 12 generations. 
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2.1.5. Animal care: Protocols were approved by the University of Alberta Health Sciences Animal Care 

and Use Committee; animals were cared for according to the guidelines of the Canadian Council on 

Animal Care. All mice were used at 6-12 weeks of age unless otherwise noted. 

2.2 Mice treatments: 

2.2.1. Antibiotic treatment: Drinking water of some mice was supplemented with 1g/L each of neomycin, 

ampicillin, streptomycin, metronidazole and 0.25 g/L of vancomycin. The antibiotic administration was 

started at 7 days of age and discontinued at the end of experiment (maximum at 12 weeks of age). 

Antibiotics were replaced twice per week. All drugs except vancomycin (Alfa Aesar, USA) were purchased 

from (Sigma-Aldrich, Canada). Following antibiotics treatment, mouse feces were collected and diluted in 

sterile Phosphate-buffered saline (PBS, dilution factor for one pellet was 1:100,000-1,000,000). Feces 

suspension was swapped and platted in Blood agar plates and incubated both aerobically and an aerobically 

for 18-24hr at 37 °C. Next, bacterial colonies were counted to evaluate the impact of antibiotics treatment 

on growth of the bacterial flora (Fig. 2.1) 

2.2.2. Blood cell membranes preparation for injection: BCM were prepared from human reagent 

(Immucor Inc., USA) A1, B, or O-blood cell membranes (Hu-BCM) and from whole blood from A-Tg mice 

(A-Tg BCM). Membranes preparation has been described in detail elsewhere [328]. Briefly, cells were 

washed in PBS, lysed in hypotonic buffer, and membranes isolated following multiple centrifugations at 

20,000 g. Membranes were suspended in PBS at 10% (v/v) and stored at -30 °C until the time of injection. 

2.2.3. Immunization: Mice were injected intra-peritoneal (i.p.) with 100-150 µL of 10%v/v, with or 

without complete/incomplete Freund's adjuvant (CFA/IFA, 1:1 mixture), of human type A1, B, O, or A-Tg 

BCM prepared from A-Tg blood. After the initial injection (week 7), mice received weekly two injections 

on week 8 and 9 (3 injections in total). In some experiments, mice were first injected with syngeneic A-Tg 
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BCM (3 injections at weeks 7, 8, 9). Four-weeks following the injection with A-Tg BCM, the mice were 

injected again with Hu A-BCM (3 injections at weeks 15, 16, 17) and anti-A Ab production was assessed 

again. 

2.2.4. Heart Transplantation: Adult WT B6, BALB or C3H received age-and sex-matched syngeneic or 

allogeneic A-Tg B6 hearts heterotopically. After mouse was anesthetized, heart was heterotopically 

transplanted into abdomin of recipient mouse, as described previously [329, 330]. Briefly, the donor aortic 

root was anastomosed end-to-side to the recipient abdominal aorta and the donor pulmonary artery trunk 

end-to-side to the inferior vena cava of the recipient mouse. [329, 330]. Graft survival was assessed by 

abdominal palpation and scored as 4 is strongest palpation and 0 as no pulsation. The graft was also grossly 

and microscopically visualized and examined upon harvest. 

2.2.5. T cell depletion in vivo: WT mice received intra-peritoneal injections (7-9 injections on day -2, -1, 0, 

and thereafter twice per week) with 150-200 µg of purified anti-mouse CD4 Ab (clone GK1.5) or anti-

mouse CD8 Ab (2.43), X-Biocell, USA. T cells depletion was confirmed and monitored by flow cytometry 

staining of peripheral blood mononuclear cells (PBMC) on week 7, 8, 9 and 10.  

2.2.6. CD4+ T cell isolation and adoptive transfer: CD4+ T cells were isolated and purified from adult 

spleens of WT or A-Tg mice, using mouse EasySep
™

 CD4+ T cell isolation kits (Stem Cell Technologies, 

Canada). The purity of CD4+ T cells was examined by flow-cytometry. The cells were injected via tail 

vein into 4 weeks old CD4KO mice at 8-12 × 10
6
 CD4+ T cells per mouse in 140-200 μL of 0.9% PBS, 

using a modified protocol established in our lab [331]. Two weeks post-adoptive transfer, CD4+ T cell 

reconstitution in peripheral blood was assessed by flow-cytometry.   

2.2.7. Flow-cytometry: Mouse peripheral blood mononuclear cells (PBMC) or splenocytes were labeled 

with rat monoclonal FITC anti-CD3 (cat: 555274), Alexa Fluor 647 anti-CD4 (cat: 557681)), and Pacific 
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Blue anti-CD8 (cat: 558106), BD Biosciences, Canada, and/or PE-anti-CD19 (clone: MB19-1), 

eBioscience, USA. The Ab-labelled cells were incubated for 30-60 minutes at 4°C and cells were analyzed 

using a MACSQuant flow cytometer (Miltenyi Biotech, Germany). The acquired data were analyzed using 

FlowJo 7.6.4 software (Tree Star, Inc., USA). 

2.3. Assessment of ABO Abs production: 

2.3.1. Hemagglutination assay: To measure anti-A/B Abs (mainly IgM) production, plasma was obtained 

from tail bleeds on week 7, 8, 9 and 10 following injection with A-Tg BCM or Hu A/B-BCM.  A 

hemagglutination assay was used to assess anti-A/B Abs titer by incubating serially diluted serum samples 

(starting at 1:2 - 1:8) with 1-2% of A-Tg, human type A, or type B reagent erythrocytes in a 96-well micro-

well plate. Hemagglutination plate was read after incubation at room temperature for one hour, and re-read 

after incubation at 4°C overnight. The Ab titer was assessed as the highest dilution at which agglutination 

was detected [328](Fig. 2.2). 

2.3.2. ELISA: By modifying a method previously published elsewhere [81, 332], transparent flat-bottom 

Greiner medium-binding ELISA 96-well plates (Sigma-Aldrich, Germany) were coated with 50 µL of 

standard anti-mouse IgM and IgG (Bethyl Laboratories Inc., USA), or with synthetic A-Ag or B-Ag (A or 

B-trisaccharides polyacrylamides (A-PAA or B-PAA)) at 5 µg/mL in 0.1M Na2CO3 (pH 9.6).  The plate 

was incubated at room temperature for one hour, and then at 4°C overnight. The next day, 5% normal goat 

serum in PBS was used to block non-specific Ab. Next, 10% diluted mouse serum/plasma, or serially 

diluted standard mouse reference serum was incubated at room temperature (RT) for 60-90 min. To detect 

the bound Ab, goat anti-mouse IgM or IgG conjugated with alkaline phosphatase (Bethyl Lab. Inc., USA) 

was applied for 60 min at RT to detect anti-A/B Abs. Next, p-nitrophenyl phosphate (Sigma-Aldrich, 

Germany) was used to visualize the phosphatase activity on the secondary Ab at 450 nm.  
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2.3.3. Microarray for detection ABH-subtype Abs:  The microarray technique has been previously 

described [332]. Herein, ABH-subtypes were printed into cassettes and cassettes were loaded into the 96-

well format microarray slide module (ACH4x24; Arrayit Corp., Sunnyvale, CA) and blocked with 1% 

BSA in PBS. Serum samples were spun and diluted (6 μL at 1:50) in 1% BSA/ PBS blocking buffer and 

incubated at 37°C in plate warmer for 30-60 min. Bound ABH-subtypes Abs were detected using AF647 

goat anti-mouse IgM or Cyanine3 goat anti-mouse IgG Abs in blocking buffer (Jackson ImmunoResearch 

Inc., West Grove, PA). Microarray slides were scanned using GenePix 4000B scanner (Molecular Devices, 

San Jose, CA) at 635 nm at a PMT gain of 470 (IgM) and 532 nm at a PMT gain of 350 (IgG) and analyzed 

using ImaGene software (BioDiscovery, Hawthorne, CA). Normalized mean fluorescent intensities (MFIs) 

were calculated (using Global Sub-grid based normalization) by subtracting local background fluorescence 

for individual spots and BSA-only spots; averages of triplicates were reported. 

2.3.4. Statistical analysis: Each experimental group contains at least 3 mice. Data analysis was performed 

using GraphPad (GraphPad Software Inc, USA). Data are presented as indicated. Student’s T-test or Two-

Way ANOVA post-hoc analyses were used to compare groups for ABO Abs production. Graft survival 

post-HTx was calculated using Kaplan–Meier analysis. 
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Fig. 2.1 Antibiotic treatment: Drinking water of CD4KO mice was supplemented with antibiotics started 

at 7 days of age and discontinued at the end of experiment at11-12 weeks. Following antibiotics treatment, 

feces were collected and diluted in sterile PBS, and then the dilution was streaked in Blood agar plates. 

Next, blood agar plates were incubated (aerobic and an aerobic) for 18-24hr at 37 °C. Finally, bacterial 

colonies were counted to evaluate the effect of antibiotics treatment. Picture was made by I. Adam 
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Fig. 2.2 Hemagglutination assay: Plasma obtained from tail bleeds of immunized mice was incubated in 

two-fold serial dilution (starting at 1:2, 1:4, or 1:8) with 1-2% of A-Tg (or human type A or B) reagent red 

blood cells in a 96-well micro-well plate. Hemagglutination plate was read after 1hr incubation at room 

temperature. Next, the plate is re-read after overnight incubation at 4°C overnight and the Ab titer is 

assessed as the highest dilution at which agglutination was detected. Picture was made by I. Adam 
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Chapter 3 

Antibody response to non-self A-antigen is dependent on CD4+ T cell participation and foreign 

protein 

3.1. Introduction: 

ABO-incompatible organ Tx (ABOi-Tx) recipients are at high risk of rapid rejection mediated by 

preformed ABO antibodies (Abs), except during infancy when these Abs are naturally absent, and during 

which ABOi-heart Tx leads (ABOi-HTx) to B cell tolerance [87, 88]. Precise understanding of Ab 

production to A/B-Ags is essential in order to optimize safe ABOi transplantation. How B cell produces 

Ab against Ags is described in detail in 1.2.1 in Chapter 1. Briefly, a B cell, similar to other APCs, 

degrades the Ag and presents its antigenic peptides on the B cell’s MHC-II as a peptide/MHC (pMHC) 

complex, to a helper CD4+ T cell that recognizes the pMHC complex via its TCR, and therefore stimulates 

a B cell response [23]. The CD4+ T cell participation would induce B cell activation [24, 25], 

differentiation [30], and formation of Ag-specific memory B cell [31].  

In contrast to protein Ags, carbohydrate-antigens (CHO-Ags) induce B cell response that have been 

thought to occur without CD4+ T cell participation [46, 333]. These T cell-independent (TI) immune 

response is classified as TI type 1 (TI-1) or TI type 2 (TI-2) [334]. Extensive cross-linking of BCR by 

CHO-Ag containing repetitive epitopes is thought to provide strong and extensive BCR signaling that is 

sufficient to stimulate the carbohydrates (CHO) specific B cell response [47, 50, 68, 69]. The immune 

response induced by A/B-Ags have been classified as TI-2 [72] and generally thought to stimulate B cells 

for Ab production to non-self A/B-Ags without CD4+ T cell help [73, 291] and hence B cell activation by 

repetitive CHO-Ag (such as A/B-Ags)  is classified as a TI-2 B cell response [46, 335].  
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Previous experiments that concluded immune responses to CHO-Ags are TI relied on chemically 

synthesized CHO structures, such as TNP-Ficoll [303-307]. These chemical structures may not function as 

surrogates for naturally-occurring CHO Ags, such as α-gal or A/B-Ags. Moreover, the conclusion that Ab 

response to A/B-Ags is TI was based on mice with limitations, such as nu/nu [72] that produces 

extrathymic T cells [292-294],  or CBA/xid, that have an impaired B cell response [336, 337].  

To study tolerance to self-A/B-Ags and immunity to non-self A/B-Ags in both syngeneic and allogeneic 

stimulation in a more relevant setting (this is not possible in humans), our research group previously 

generated an A-Ag-transgenic (A-Tg) mouse model on B6 and BALB background mice [101]. In A-Tg 

mice, A-Ag is expressed on various tissues and cells, including vascular endothelium, erythrocytes and 

leukocytes [101]. Herein, I investigated anti-A Ab production to stimulation by A-Ag and the role of 

CD4+ T cells on inducing anti-A Ab production, aiming to gain a better understanding of the mechanisms 

of induced ABO Abs production to A/B-Ags. 

3.2. Results:  

3.2.1. WT mice produced natural anti-A Ab and responded to stimulation by A/B-Ags, A-Tg mice did 

not produce Ab to self A-Ag. 

Mice are an appropriate small animal model to study questions related to ABO Abs production [72, 290, 

291, 338]. However, there is inconsistency in the literature as to whether mice produce ABO antibodies in 

similar fashion to humans [289, 339]. Therefore, I first investigated whether WT B6 mice (H-2
b
) develop 

anti-A natural antibodies (nAbs) without stimulation. I collected blood from mice at different ages housed 

in standard housing and measured anti-A Ab titer by hemagglutination assay using A-Tg reagent RBC. I 

found that WT B6 mice do produce anti-A nAb, low in early life (4 weeks old) and widely variable in Ab 

titer range in later life (>12 weeks old, Fig.3.1A). I also found that WT mice developed increasing natural 
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anti-A Ab as they age over time without intentional stimulation, and injection with human type A blood 

cell membranes (Hu A-BCM) induced anti-A Ab production (Fig.3.1B). At 7 – 12 weeks old, I did not find 

a sex difference in natural or induced anti-A Ab production. 

Using our A-Tg mice [101], I tested whether B cells in A-Tg mice produce Ab to self A-Ag. I injected A-Tg 

and WT B6 mice with mixed human type A and B BCM (Hu A-BCM and B-BCM). Given that A-Tg mice 

express A-Ag as self Ag, I predicted that they would not produce anti-A Ab. As expected, the WT mice 

produced both anti-A and anti-B Abs in response to Hu A-BCM and B-BCM, whilst the A-Tg mice 

produced only anti-B in response to Hu B-BCM (Fig.3.1C, table 3.2 and table 3.3).  

In summary, I showed that WT B6 mice spontaneously produce anti-A Ab over time in similar fashion to 

humans and they can also be induced to produce ABO Abs. Furthermore, I showed that B cells in A-Tg 

mice do not produce Ab to stimulation by A-Ag, suggesting B cell self-tolerance in A-Tg mice. Therefore 

mice are good animal model to study tolerance and immunity to A/B-Ags, because A-Tg mice were tolerant 

to self A-Ag and WT mice responded to stimulation by non-self A/B-Ags. 

3.2.2. Syngeneic A-Tg BCM injection did not induce anti-A Ab production in WT mice whereas 

xenogeneic Hu A-BCM injection induced abundant anti-A Ab production. 

The α-gal epitope is a naturally-occurring CHO structure expressed in non-primate mammals and New 

World monkeys, but not in humans in which α-gal nAbs are produced [8, 9]. Galili’s studies with α-gal Ags 

showed that induction of anti-gal Ab production in α-gal knock-out (α-galKO) mice requires CD4+ T cell 

participation [315-317, 340]. Due to the close similarity of α-gal and B-Ag [311, 312], I expected that 

CD4+ T cells are required for induction of both anti-B and anti-A Abs production. Furthermore, because 

our preliminary data suggested that CD40/CD40L interaction is required to induce anti-A Ab production 

[269], I expected that CD4+ T cells are also important in induction of anti-A Ab production. 
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To examine the required stimulation for induction of anti-A Ab in WT mice, I tested whether A-Ag in the 

context of syngeneic vs. xenogeneic proteins induce anti-A Ab production. I found that WT mice injected 

with syngeneic A-Tg BCM did not produce anti-A Ab production, but xenogeneic injection with Hu A-

BCM induced significantly more anti-A Ab compared to untreated WT mice or mice injected with 

syngeneic A-Tg BCM (Fig. 3.2A, table 3.2 and table 3.3). I repeated this experiment in BALB (H-2
d
) 

mice with injection of xenogeneic Hu A or syngeneic A-Tg BALB BCM into WT BALB mice. I found that, 

in contrast to syngeneic A-Tg BALB BCM, Hu A-BCM induced abundant anti-A Ab production (Fig. 

3.2A). I also analyzed my results by sex and I did not observe sex differences in anti-A Ab production 

following stimulation by syngeneic A-Tg BCM or xenogeneic Hu A-BCM (table 3.2 and table 3.3). 

Failure to produce anti-A Ab to syngeneic A-Tg BCM in WT mice, compared to high anti-A Ab stimulated 

by xenogeneic Hu A-BCM, may indicate that xenogeneic proteins expressed on Hu-BCM participated in 

induction of anti-A Ab production. Accordingly, I tested whether xenogeneic proteins in human type O-

BCM mixed with A-Ag from syngeneic A-Tg BCM, can induce anti-A Ab production. I injected Hu O-

BCM and A-Tg BCM (1:1 mixture) into WT B6 mice. Compared to injection of Hu A-BCM that induced 

abundant anti-A Ab, WT B6 mice injected with Hu O-BCM/A-Tg mixture induced significantly lower anti-

A Ab (Fig. 3.2B, table 3.2 and table 3.3), suggesting that foreign protein stimulates additional immune 

response, but not sufficient to make syngeneic A-Tg BCM immunogenic, similar to xenogeneic Hu A-

BCM. 

3.2.3. Hu A-BCM injection induced anti-A Ab production following unsuccessful stimulation by 

syngeneic A-Tg BCM. 

Failure to produce anti-A Ab to syngeneic A-Tg BCM in WT mice also triggered me to further examine 

whether this lack of Ab response to syngeneic A-Tg BCM in WT mice reflected induction of a state that 
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could prevent anti-A Ab production (deletion/tolerance?) to subsequent stimulation by xenogeneic Hu A-

BCM. By using a modified protocol adopted from Gallili’s studies in α-galKO mice [317], I first injected 

syngeneic A-Tg B6 BCM into WT B6 and evaluated anti-A Ab production. Four weeks following the A-Tg 

BCM injection, the mice were injected with Hu A-BCM and anti-A Ab production was assessed again. 

Following the unsuccessful immunization with A-Tg B6 BCM in WT B6 mice, injection of Hu A-BCM 

induced abundant anti-A Ab production (Fig. 3.3A).  

Absence of tolerance to subsequent immunization with xenogeneic Hu-A-BCM in WT B6 mice above 

might be attributed due to use of complete Freund’s adjuvant that known to break tolerance [341-343]. To 

exclude any potential effect of the adjuvant, I injected A-Tg BCM and Hu A-BCM without the adjuvant. I 

found that in the absence of the adjuvant, the WT B6 mice did not produce anti-A Ab in response to 

syngeneic A-Tg B6 BCM, whereas responded to subsequent immunization by Hu A-BCM (Fig. 3.3B).  

I also examined whether introduction of A-Ag in mouse’s early life would induce a subsequent 

unresponsiveness to immunization by Hu A-BCM. Therefore, I injected WT mice at 1, 2, and 3 weeks old 

“juvenile mice” with Hu A-BCM or A-Tg BCM without adjuvant. Four weeks following unsuccessful 

stimulation by A-Tg BCM, Hu A-BCM injection induced abundant anti-A Ab production comparable to 

that Ab produced in WT mice injected with Hu A-BCM (Fig.3.3C).  

These data indicated that production of anti-A Ab in response to Hu A-BCM, following initial failure to 

respond to A-Tg BCM, is due insufficient stimulation by syngeneic A-Tg BCM rather than the syngeneic 

A-Tg BCM being non-immunogenic. 

3.2.4. Induced anti-A Ab production required CD4+ T cells participation. 

My results so far showed that exposure to A-Ag alone (in the context of syngeneic A-Tg BCM) did not 

stimulate anti-A Ab production, but A-Ag and foreign proteins (in the context of xenogeneic Hu A-BCM) 
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stimulated abundant anti-A Ab production. This indicated that stimulation of anti-A Ab production 

required exposure to A-Ag physically linked with non-self protein Ag, which suggests T cells participation 

recruited by xenogeneic proteins.  

Previous studies indicated that CD4+ T cells were required for the response to α-gal [316, 317, 340, 344] 

and other glycolipids/glycoproteins-borne CHO-Ags [290]. Since our preliminary data suggested that 

CD40/CD40L interaction was required to induce anti-A Ab production and that mice responded to 

xenogeneic Hu A-BCM but not to syngeneic A-Tg BCM, I hypothesized that xenogeneic protein Ags were 

required to induce anti-A Ab production and that CD4+ T cells played important role in induction of anti-A 

Ab production. Therefore, I first depleted CD4+ T cells [345] and tested the effect of  the CD4+ T cell 

depletion in induction of anti-A Ab production. In contrast to induction of anti-A Ab production in WT B6, 

CD4-depleted B6 mice did not produce anti-A Ab following Hu A-BCM injection (Fig. 3.4A, table 3.2 

and table 3.3), indicating that CD4+ T cells were indeed required to induce anti-A Ab production. 

The CD4+ T cell dependency of anti-A Ab production prompted me to test whether allogeneic proteins 

expressed on A-Tg BCM would also induce anti-A Ab production similar to stimulation by xenogeneic Hu 

A-BCM. This test is valuable because allogeneic proteins are expected to engage CD4+ T cell 

participation. Therefore, I speculated that foreign proteins (such as MHC) and A-Ag expressed on 

allogeneic A-Tg BCM [101] could be presented to CD4+ T cell and therefore would recruit CD4+ T cell 

participation to induce anti-A Ab production by B cells. When I injected allogeneic A-Tg B6 BCM into 

either WT BALB or C3H mice, significantly more anti-A Ab was produced in the injected mice than in 

untreated BALB or C3H mice (Fig. 3.4B, table 3.2 and table 3.3). 

B cell stimulation by allogeneic A-Tg BCM prompted me to further examine whether allogeneic A-Tg 

heart graft can also induce anti-A Ab production. As expected, A-Tg B6 heart allograft heterotopically 
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transplanted into WT BALB (A-Tg B6 HTx→BALB) or C3H (A-Tg B6 HTx→C3H) recipients were 

rejected (no pulsation by abdominal palpation, scored 0) in BALB and C3H by day 8-11 after 

transplantation (syngeneic graft survived for 100 days). More importantly, when the A-Tg B6 heart 

allograft was left in situ after rejection, anti-A Ab was produced significantly more in both BALB and C3H 

recipients compared to non-transplanted mice and WT recipient of syngeneic A-Tg graft (Fig. 3.4.C, table 

3.2 and table 3.3). 

These results suggested that CD4+ T cells are necessary for anti-A Ab production to be induced and that 

CD4+ T cells, presumably recruited and engaged by foreign proteins expressed in allogeneic blood or heart 

graft, contribute to induction of anti-A Ab production. In this regard, A-Tg mouse is valuable tool to 

examine immunity and tolerance of A-Ag in the context of syngeneic and allogeneic stimulation that is 

impossible in humans. 

3.2.5. Adoptive transfer of CD4+ T cells into male CD4KO mice restored their ability to produce anti-

A Ab in response to Hu A-BCM injection. 

CD4+ T cells were shown to play important role in B cells response to glycoconjugate Ags, such as 

conjugated vaccine against bacterial infections [34, 346-349]. My finding that CD4+ T cell depletion 

abolished induction of anti-A Ab production in response to exposure to xenogeneic Hu A-BCM urged me 

to test whether CD4+ T cells do provide help for induction of anti-A Ab production using CD4KO mice. 

Using these mice, a clear sex difference was emerged (will be discussed in details in the next chapter).  

Moreover, I found that CD4KO male mice produced significantly higher natural anti-A Ab than WT mice 

(natural Abs will be discussed in details in the upcoming Chapter 4). After CD4KO male mice were 

reconstituted by WT male CD4+ T cells, Hu A-BCM was injected to stimulate anti-A Ab production (Fig. 

3.5A). I found that the adoptive transfer of CD4+ T cells from WT mice into syngeneic CD4KO male mice 
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restored their ability to produce anti-A Ab in response to xenogeneic Hu A-BCM injection (Fig. 3.5B, 

table 3.2 and table 3.3). Interestingly, CD4+ T cell from A-Tg mice also restored the ability of CD4KO 

male mice to produce anti-A Ab following xenogeneic Hu A-BCM injection, bringing up interesting issues 

of CD4+ T cell and immunity to self CHO-Ags. 

Thus, in agreement with my other evidence for T cell requirement for induction of anti-A Ab production, 

adoptive transfer of CD4+ T cells into CD4KO mice restored their ability to respond to stimulation by 

xenogeneic Hu A-BCM, providing further evidence that induced ABO Abs production is CD4+ T cell 

dependent.  

3.3. Discussion: 

In summary, my experiments described in this chapter showed that WT mice produced both anti-A and 

anti-B Abs in abundance in response to stimulation by xenogeneic Hu A/B-BCM, whereas syngeneic A-Tg 

BCM alone failed to induce anti-A Ab production. Co-injection of syngeneic A-Tg and xenogeneic Hu O-

BCM did not induce abundant anti-A Ab production similar to stimulation by xenogeneic Hu A-BCM. 

Stimulation of WT mice by allogeneic A-Tg BCM or heart graft also induced abundant anti-A Ab 

production. Following CD4+ T cell depletion, induction of anti-A Ab production by xenogeneic Hu A-

BCM injection was significantly diminished and ability to respond to stimulation was re-established after 

reconstitution of CD4KO mice with CD4+ T cells. I did not observe sex difference in WT mice for both 

natural and induced ABO Abs production. However, I separated the mice by sex in the summary table 

(Table 3.1).  

I found that mice only develop ABO Abs to non-self A/B-Ags, as in other mammals [109, 182]. Unlike WT 

mice who could be induced to produce both anti-A and B Abs, A-Tg mice produced only anti-B Ab 

following stimulation by xenogeneic Hu A/B-BCM. I observed in WT mice that anti-B Ab response was 
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lower than anti-A Ab; this low anti-B Ab titer may be due to expression of “B-like”
 
α-gal Ag in mice [350, 

351]. This α-gal Ag has a galactose in the terminal sugar structure similar to B-Ag [312] and it was 

estimated that 85% of anti-B Abs were reactive to α-gal [13]. 

My finding that syngeneic A-Tg BCM did not induce anti-A Ab production is consistent with our research 

group previous observations that syngeneic A-Tg B6 heart grafts did not induce anti-A Ab in WT B6 mice 

[101]. Moreover, my finding that syngeneic A-Tg BCM mixed with xenogeneic Hu O-BCM induced 

significantly higher anti-A Ab production than mice injected with syngeneic A-Tg BCM, but significantly 

lower than mice injected with xenogeneic Hu A-BCM, was consistent with the requirement for chemical 

and/or physical conjugation of protein/CHO (as in glycoconjugate vaccines [352, 353]) for optimal 

stimulation of anti-CHO Ab production. 

Data on α-gal Ag (in the context of syngeneic and xenogeneic stimulation) showed that T-independent 

stimulation of α-galKO mice induces gal-specific B cell tolerance [317, 344]. However, the lack of 

response to syngeneic A-Tg BCM did not seem to reflect induction of tolerance to A-Ag, because 

subsequent xenogeneic Hu A-BCM injection induced anti-A Ab production. Rather, the production of anti-

A Ab to Hu A-BCM following the initial failure to respond to A-Tg BCM indicates that syngeneic A-Tg 

BCM challenge was not sufficiently immunogenic to stimulate B cell response, because: A) In a setting 

where the stimulation by A-Tg BCM did induce anti-A Ab production, Hu A-BCM injection stimulated 

CD4+ T cell help for B cells to produce anti-A Ab, and B) the lack of B cell response to A-Tg BCM did not 

lead to inhibition (deletion?) of the A-Ag specific B cells response, as anti-A Ab developed following the 

second subsequent challenge by Hu A-BCM injection. Interestingly, our lab previously observed that after 

transplantation of A-Tg graft in juvenile mice (4-weeks old), Hu A-BCM injection in adulthood (>8 weeks 

old) did not induce strong anti-A Ab production [354], suggesting that persistent exposure of B cell to A-
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Ag (ie, in situ graft or intact erythrocytes that live longer in circulation than erythrocyte membranes) may 

be required to induce tolerance. 

 B cell response to A-Ag on Hu A-BCM suggested an involvement of other immune cells (i.e., CD4+ T 

cell) due to the presence of additional foreign proteins on xenogeneic Hu-BCM. Therefore, and in contrast 

to general belief [20, 47, 72, 355], I found that anti-A Ab production (and presumably anti-B Ab) required 

CD4+ T cell participation. I have shown a requirement for T cell help to induce Ab production to A-Ag, as 

CD4+ T cell depletion prevented induction of anti-A Ab production and that CD4+ T cell reconstitution 

restored it. Anti-A Ab production following stimulation by allogeneic A-Tg BCM and/or graft confirmed 

the T-cell dependency, because it indicated that immune response to allogeneic proteins on A-Tg 

BCM/graft recruited CD4+ T cell participation.  

Similar to studies that showed CD4+ T cell was required to stimulate Ab production to glycoconjugate 

vaccines [348, 349, 356, 357], I showed that the ability of xenogeneic Hu A-BCM to stimulate anti-A Ab 

production in WT mice required participation of CD4+ T cell of WT (or A-Tg) mice. The ability of CD4+ T 

cell from A-Tg mouse to restore the ability of induction of anti-A Ab production has brought up interesting 

issues of the role of CD4+ T cell in immunity to self CHO-Ag. In this regard, it was suggested that a TCR 

can recognize CHO epitope of a glycoconjugate when presented on MHC of a B cell [347, 358, 359]. 

However, whether CD4+ T cells directly interact (or “recognize”) A-Ag in allogeneic A-Tg BCM and 

graft, or in xenogeneic Hu A-BCM, are unknown and require further investigations in future. In addition, 

future studies should investigate whether injection of intact syngeneic A-Tg erythrocytes in adult WT mice 

would induce tolerance to subsequent stimulation with xenogeneic Hu A-BCM. Moreover, I did not 

investigate which B cell subset responded to stimulation by A/B-Ags and it is important to tease out 

whether B1 cell or marginal zone B cells participated in production of ABO Abs. 
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Fig.3.1. WT mice produced anti-A nAbs and responded to stimulation by A/B-Ags, A-Tg mice 

did not produce Ab to self A-Ag. A) Historical sera collected in the lab from mice of different 

ages and assessed for anti-A Ab showed that WT B6 mice produced low Ab in early life and widely 

variable Ab range in later life. B) Tail blood was collected from untreated mice (4 tail bleeding in 

total, one week apart; orange long arrows) or mice injected with Hu A-BCM at 7-10 weeks old (red 

short arrows). Sera were longitudinally assessed for Ab production and showed that WT B6 mice 

develop natural (without any blood injection) and induced (with blood injection) anti-A Ab. C) WT 

and A-Tg B6 mice received weekly injections (3 injections in total; pink short arrows) of 

xenogeneic Hu A-BCM and B-BCM and assessed for anti-A/B Abs production (shown Ab titer at 

week 10). I used hemagglutination to measure anti-A/B Abs, using human type A/B reagent RBC to 

measure anti-A/B Abs, respectively. Data are presented using standard error of mean (Mean + 

SEM) in T-Test (*** = P ≤ 0.001, see table 3.2 and 3.3 for comparison between groups). 



64 
 

 

 

Fig.3.2. Syngeneic A-Tg BCM injection did not induce anti-A Ab production in WT mice; in 

contrast Hu A-BCM induced abundant anti-A Ab production. A) WT B6 mice received weekly 

injections (3 injections in total, red short arrows) of xenogeneic Hu A-BCM, syngeneic A-Tg 

BCM, or left untreated. Tail blood was collected before each injection at week 7, 8, 10, and 10 

(orange long arrows). WT BALB mice were also injected with A-Tg BALB BCM or Hu A-BCM. 

B) WT B6 mice received weekly injections of xenogeneic Hu O-BCM mixed with syngeneic A-Tg 

BCM and tail blood was collected before each injection. I used hemagglutination to measure anti-A 

Ab, using A-Tg reagent RBC. Data are presented using standard error of mean (Mean + SEM) in T-

Test (ns=non-significant, * = P ≤ 0.05, *** = P ≤ 0.001, see table 3.2 and 3.3 for comparison 

between groups). 
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Fig.3.3. Hu A-BCM injection induced anti-A Ab production following unsuccessful 

stimulation by syngeneic A-Tg BCM. A) In my experimental timeline and immunization 

procedure, some mice were first injected with A-Tg BCM and adjuvant (3 injections at weeks 7, 8, 

9, green triangles). Four-weeks following the initial A-Tg BCM injection (gray thick arrow), the 

mice were injected again (3 injections at weeks 15, 16, 17) with Hu A-BCM and adjuvant (red 

short arrows). B) Without adjuvant, WT B6 were injected with Hu A-BCM (yellow short arrows) 

following unsuccessful stimulation by A-Tg BCM (blue triangles). C) Without adjuvant, one-week 

old “juvenile” mice were first injected with A-Tg BCM (at weeks 1, 2, 3, and 4 (blue triangles). 

Four-weeks following the initial A-Tg BCM injection (gray thick arrow), the mice were injected 

again (at weeks 10, 11, 12, and 13 (yellow short arrows) with Hu A-BCM. I used hemagglutination 

to measure anti-A Ab, using A-Tg reagent RBC. Data are presented using standard error of mean 

(Mean + SEM) in T-Test (ns=non-significant, *** = P ≤ 0.001). 
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Fig.3.4. Induction of anti-A Ab production requires participation of CD4+ T cells and 

allogeneic antigens. A) WT mice received injections of GK1.5 anti-CD4 (250 µg i.p inj., twice per 

week for 4 weeks, green triangles) and Hu A-BCM (weekly, 3 injections in total, red short arrows). 

Tail blood was collected before each injection (orange long arrows). Effective depletion of CD4+ T 

cells in WT mice is demonstrated by flow cytometry of PBMC on week 10.  CD4+ T cells depletion 
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abolished anti-A Ab production whereas CD8+ T cells depletion did not. B) Allogeneic WT B6, 

BALB, and C3H mice received weekly injections (3 injections, red short arrows) with BCM 

(prepared from A-TgB6 or BALB blood) and tail blood was collected before each injection (orange 

long arrows). C) Allogeneic WT BALB and C3H were transplanted with age-and sex-matched A-

Tg B6 hearts and the beating was monitored and assessed by abdominal palpation. All allografts 

were rejected with day 8-11 post-Tx but left in situ. Anti-A Ab was measured in tail blood (orange 

long arrows) by hemagglutination assay using A-Tg reagent RBC. Data are presented using 

standard error of the mean (Mean + SEM) in paired T-Test (ns=non-significant, * = P ≤ 0.05, ** = 

P ≤ 0.01, *** = P ≤ 0.001, see table 3.2 and 3.3 for comparison between groups). 
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Fig.3.5. Adoptive transfer of CD4+ T cells into male CD4KO mice restored their ability to 

produce anti-A Ab in response to Hu A-BCM injection. A) CD4+ T cells isolated from 

splenocytes obtained from WT or A-Tg mice were examined by flow cytometry (purity is 93%) and 

injected into 4 weeks old CD4KO mice (8-12x10
6
 cells, gray triangle). Two weeks later, CD4+ T 

cell reconstitution was assessed by flow cytometry and showed that 3% of PBMCs are CD4+ T 

cells. Mice were then injected with Hu A-BCM (3 injections at week 6, 7, and 8, red short arrows) 

and tail bleed was used to measure anti-A Ab production. B) CD4+ T cells isolated from WT or A-

Tg splenocytes participated (or helped) in induction of anti-A Ab production in CD4KO male mice. 

Anti-A Ab titer was measured by hemagglutination assay using A-Tg reagent RBC. Data presented 

using standard error of mean (Mean + SEM) in T-Test (* = P ≤ 0.05, *** = P ≤ 0.001, see table 3.2 

and 3.3 for comparison between groups). 
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Table 3.1: Summarized data of Chapter 3  

 

Notes: 

- Pre-titer: anti-A Ab level in untreated mice at 7 weeks old 

- Post-titer: anti-A Ab level in mice at 10 weeks old, after several treatment 

- Human A/B-BCM from pooled human blood donors 

- A-Tg BCM was prepared from whole blood of A-Tg B6 or BALB mice 

- I did not observe sex differences in terms of anti-A Ab titer in WT mice, with or without 

human A-BCM injection in either pre or post-treatment (Table 3.2).  

Treatment Recipient No Age in weeks Anti-A titer  

Untreated 

Untreated  WT B6 males 7 7 - 10 <4 

Untreated  WT B6 females 8 7 - 10 <8 

Untreated  WT BALB females 4 7 – 10 <8 

Untreated  WT C3H males 4 7 – 10 <4 

syngeneic stimulation 

A-Tg B6 BCM WT B6, 6 males, 7 females 13 7 – 10 <8 

A-Tg B6 heart WT B6 males 4 7 – 10 <4 

A-Tg BALB BCM WT BALB, 3 males, 1 female 4 7 – 10 <8 

syngeneic + xenogeneic 

Hu O-BCM + A-Tg B6 BCM WT B6 males 6 7 – 10 <16 

allogeneic stimulation 

A-Tg  B6 BCM WT BALB females 3 7 – 10 512 

A-Tg  B6 BCM WT C3H males 3 7 – 10 64 

A-Tg  BALB BCM WT B6 females 3 7 – 10 128 

A-Tg B6 heart WT BALB males 3 7 – 10 128 

A-Tg B6 heart WT  C3H males 3 7 – 10 128 

xenogeneic stimulation 

Hu A-BCM A-Tg B6 females 4 7 – 10 <2 

Hu A-BCM WT B6, 6 males, 3 females 9 7 – 10 512 

Hu A-BCM WT BALB, 3 males, 1 female 4 7 - 10 1024 

Hu O-BCM WT B6 males 3 7 – 10 <4 

Hu A-BCM + anti-CD4 Ab WT B6 males 6 7 – 10 <8 

Hu A-BCM + anti-CD8 Ab WT B6 males 6 7 – 10 512 

CD4KO 

Untreated (nAbs) CD4KO B6 males 6 6 – 9 16 

Hu A-BCM CD4KO B6 males 5 6 – 9 16 

Hu A-BCM + CD4+ T cells CD4KO B6 males 5 4 – 9 512 
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Table 3.2: Comparison tables of groups (between 7 - 10 weeks old) 

 Data are presented using standard error of mean (Mean + SEM) in T-Test.  
 ns = ≥ 0.5, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 

Table 3.3: Comparisons of group’s # 

Groups #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 

#1  ns ns *** ns    *** ns    ***  ns * ns ***   

#2 ns  ns ns  ns ***    ***    ***       

#3 ns ns  ns    ***    ***          

#4 *** *** ***                 ns *** 

#5 ns    ns ns  *** *** ns      ns * ns ***   

#6  ns   ns  ***    ***    ***       

#7  ***    ***  *** **  ns    **       

#8   ***    ns  **   **          

#9 ***    ***  ** ns  ns    ***  ns ns ns *   

#10 ns    ns    ns  **   ***  ns ns     

#11  **    ** ns   **  ns   **       

#12   ns     ns  * ns           

#13              *** ***     **  

#14 ***    ***    *** ***     * *** *** *** ** *** *** 

#15  ***    ** ns    **   *      ***  

#16 ns    ns    ns ns    ***   ns ns **   

#17 *    *    ns ns    ***  ns  ns ***   

#18 ns    ns    ns ns    ***  ns ns  ***   

#19 ***    ***    * ***    **  ** *** ***    

#20    ns         ** *** ***      *** 

#21    ***         ** *** ns     ***  

 Data are presented using standard error of mean (Mean + SEM) in Two-way ANOVA.  

 ns = ≥ 0.5, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 

Groups  Treatment Recipient No Anti-A  7 vs. 10 weeks Ab titer 

#1 Untreated  WT B6  15 <4 ns 

#2 Untreated  WT BALB  4 <8 ns 

#3 Untreated  WT C3H  4 <4 ns 

#4 Untreated  CD4KO B6 6 16 * 

#5 A-Tg B6 BCM WT B6 13 <8 ns  

#6 A-Tg BALB BCM WT BALB 4 <8 ns 

#7 A-Tg B6 BCM WT BALB  3 512 *** 

#8 A-Tg B6 BCM WT C3H  3 64 ** 

#9 A-Tg BALB BCM WT B6  3 128 ** 

#10 A-Tg B6 heart WT B6  4 <4 ns 

#11 A-Tg B6 heart WT BALB  3 128 ** 

#12 A-Tg B6 heart WT  C3H  3 128 ** 

#13 Hu A-BCM A-Tg B6  4 <2 ns 

#14 Hu A-BCM WT B6 9 512 *** 

#15 Hu A-BCM WT BALB 4 1024 *** 

#16 Hu O-BCM WT B6  3 <4 ns 

#17 Hu O-BCM + A-Tg B6 BCM WT B6  6 <16 * 

#18 Hu A-BCM + anti-CD4 Ab WT B6  6 <8 ns 

#19 Hu A-BCM + anti-CD8 Ab WT B6  6 512 *** 

#20 Hu A-BCM CD4KO B6  5 16 * 

#21 Hu A-BCM + CD4+ T cells CD4KO B6  5 512 *** 



71 
 

Chapter 4 

Bacterial flora, sex, and CD4+ T cells play important roles in natural ABO Abs production in mice 

4.1. Introduction:  

Naturally-occurring Abs (nAbs) are defined as spontaneous production of Abs in the absence of known 

stimulation by mechanisms that are not fully understood [163]. In mice, nAbs are mainly produced by the 

B1 cell population located in peritoneal and pleural cavities [106, 151-153]. In humans, ABO nAbs 

develop spontaneously
 
without known exposure to ABO antigens (Ags) and posing high risk of hyper-

acute rejection of transplants from ABO-incompatible (ABOi) donors [82, 89]. To expand the ABOi-Tx or 

to develop strategies to manage the ABO nAbs that make ABOi-Tx risky, a clear understanding of how 

ABO nAbs develop is vital.  

It has been hypothesized that the development of ABO nAbs occurs due to stimulation by “A/B-like” Ags 

present in an exogenous stimulus, particularly via the gut
 
[124, 125]. Springer’s studies showed that 

feeding of germ-free chicks on blood group B +ve (BGB
+
) E. coli O86 stimulated anti-B Ab in those chicks 

[119]. However, Springer’s data also showed that exposure to gut bacteria is not an absolute requirement 

for anti-B Ab development in the germ-free chicks [119]. Since Springer’s experiments in germ-free 

chicks were done in 1959, there could be limitations on whether those chicks were truly germ-free (they 

tested germ-free conditions by bacterial culture [119]) and therefore the so-called ‘germ-free’ may not 

have actually been germ-free. Data in the 1980s showed that natural Abs were greatly reduced (but not 

absent) in germ-free BALB mice compared to conventionally-housed mice [130], suggesting that bacterial 

flora probably have positive impact in ABO Abs production, but are not an absolute requirement. 

Importantly, recent data [132] showed that exposure of germ-free mice to bacterial stimulus in non-sterile 
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food or to gavage of conventionally-housed mice can stimulate ABO Abs development in those germ-free 

mice.  

Despite an impact of gut bacterial flora in the formation of ABO Abs in germ-free mice [132], the 

specificity of the ABO Abs produced in the mice does not usually correspond with the chemical structures 

of the carbohydrates expressed on those gut bacterial flora [132]. Furthermore, studies found that the 

overall repertoire of IgM specific for bacteria [140] or the abundance of total IgM are generally stable in 

both germ-free and conventionally housed mice [131, 140]. Therefore, it is unclear whether the gut 

“bacterial stimulus” initiates the ABO Abs production in naïve B cells, or whether the “bacterial stimulus” 

is only required to augment the spontaneous production of ABO Abs. Interestingly, exposure to A/B-Ags 

in food was reported to stimulate ABO Abs production among blood donors and that eating processing 

food has decreased ABO Abs level among blood donors [135, 360]. 

As discussed in Chapter 3, one study concluded that induction of ABO Abs production in mice does not 

require T cell participation [72], but this study was limited because it was based on an athymic mouse 

model that produces extrathymic T cells [292-294]. Another study concluded that NKT cells, but not 

CD4+ T cells, are required to induce ABO Abs production [291], but this study did not investigate whether 

CD4+ T cells are required for development of ABO nAbs [291]. Although both studies concluded that 

induction of ABO Abs production does not require CD4+ T cell participation, neither study showed 

whether ABO Abs can develop spontaneously independent of exposure to A/B-Ags [72, 291]. 

A confounding factor related to the role of CD4+ T cells [72, 290, 291] may have been lack of 

differentiation of ABO nAbs production from that induced by intentional immunization and therefore the 

CD4+ T cell involvement in ABO nAbs production requires further investigation. Additionally, the reports 

showed that gut bacterial flora expressing highly-repetitive “A/B-like” epitopes participate in ABO nAbs 
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production [119, 120] did not prove whether a bacterial stimulus is absolutely required for production of 

those ABO nAbs. 

Recently, sex as a biologic variable has been more recognized and increasingly being studied when 

investigating immune responses in humans and mice (reviewed in [284, 285]). Although data showed that 

WT mice develop low ABO nAbs titer in early life and widely variable in Abs titer range in later life [72, 

101, 289] in a similar fashion to humans [133, 134], it is not clear whether sex as a biological variable 

plays a role in ABO nAbs production. As the effect of sex as a biological variable is becoming increasingly 

understood, I considered the impact of sex in ABO nAbs development. In this chapter, I investigated the 

roles of sex, gut bacterial flora, and requirement of CD4+ T cells for the production of ABO nAbs in mice. 

4.2. Results: 

4.2.1. CD4KO mice developed T-independent anti-A nAbs production with a striking sex difference. 

Previous studies showed that the induction of anti-gal Abs requires T cell participation [290, 315-317], 

similar to induction of anti-A Ab production (Chapters 3 and others [290]). However, T cell depletion has 

also been shown to enhance the anti-gal nAbs production [310], suggesting that T cells may play a 

regulatory role in anti-gal natural Abs (nAbs) development. In humans, some X-linked hyper-IgM patients 

who have defective CD40 signaling [361] develop normal level of ABO and anti-gal nAbs [362], 

suggesting that T cells are also not required for ABO nAbs production. This is also similar to infants 

receiving T cell-directed immunosuppressant drugs who nonetheless go on produce ABO nAbs [88]. 

Therefore, I investigated whether the process of spontaneous production of anti-A nAb requires T cells.  

I used WT and CD4KO mice on a C57BL/6 (B6) background, aged 6-8 weeks old, to investigate the 

production of anti-A nAbs longitudinally over time. As suggested by preliminary data shown in Figure 

3.1A, I found that WT B6 mice do produce anti-A nAbs over time, with low Ab production in early life at 
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7-10 weeks old (Fig. 4.1A, table 4.2 and table 4.3). I noted that in 9 and 10 weeks old mice, WT females 

tend to produce more anti-A nAbs than males, but the difference was not significant. Therefore, sex seems 

to not play important role in anti-A nAbs production in WT mice, at least in early life (7-10 weeks). 

Surprisingly, when I examined both natural and induced anti-A Ab production in CD4KO mice, I found 

that CD4KO mice not only developed significantly higher anti-A nAbs titers than WT mice, but there was 

also a striking difference in Ab production between sexes, with much higher anti-A nAbs production in 

female CD4KO mice than males (Fig. 4.1A, table 4.2 and table 4.3). To exclude environmental variations 

between cages, I co-housed males and females CD4KO from day 0 to the end of my experiment (week 10), 

but the sex difference remained of similar magnitude to that observed in cages separated by sex. 

Furthermore, to investigate whether this substantial sex difference is related to age, I monitored the 

CD4KO mice for a longer period and found that males still produce significantly lower anti-A nAbs levels 

compared to females independent of age (Fig. 4.1B).  

My Chapter 3 data showed a requirement for CD4+ T cells for induction of anti-A Ab production, 

consistent with a “T-dependent” Ab response. Unlike in WT mice [101, 290, 291, 309], injection of Hu A-

BCM in CD4KO mice did not further augment anti-A Ab levels beyond those naturally produced (Fig. 

4.1C, table 4.2 and table 4.3). Altogether, these data indicate that high level of anti-A nAbs occurs in the 

absence of CD4+ T cells (in CD4KO mice), whereas that induction of anti-A Ab production requires CD4+ 

T cell participation (in WT mice). 

4.2.2. MHC-IIKO and TCRKO mice produced anti-A nAbs with a similar striking sex difference.  

Studies showed that CD4KO mice have CD8+ T cells that can respond to MHC-II restricted epitopes [363]. 

MHC-II is required for the normal function of CD4+ T cells [364] therefore I investigated whether 

expression of MHC-II is required for anti-A nAbs development. Male and female MHC-IIKO mice (aged 
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6-8 weeks) were left untreated or injected with Hu A-BCM to investigate the natural and induced anti-A 

Ab production, respectively. Similar to CD4KO, I found that MHC-IIKO mice produced significantly 

higher anti-A nAbs than WT mice without exposure to Hu A-BCM. Moreover, I found that MHC-IIKO 

female mice produced significantly higher anti-A nAbs than MHC-IIKO male mice, with sex-biased 

difference similar to that in CD4KO (Fig. 4.2A, table 4.2 and table 4.3). Unlike WT mice, I found that 

injection of Hu A-BCM in MHC-IIKO mice did not induce anti-A Abs beyond the anti-A nAbs (Fig. 4.2B, 

table 4.2 and table 4.3), indicating that CD4+ T cells are required. 

Studies in mice showed that γδ-intraepithelial lymphocytes can develop in the absence of thymus and 

lymph nodes [365] which could complicate the interpretation of T cell requirement. Therefore, I 

investigated whether anti-A nAbs develop without any T cell participation. I used αβ/γδ T cell receptor KO 

(TCRKO) mice to investigate the development of anti-A nAbs in the absence of T cell participation. As I 

expected, female TCRKO mice produced significantly higher anti-A nAbs levels than male TCRKO or WT 

mice, similar to sex-biased difference observed in CD4KO and MHC-IIKO female mice (Fig. 4.2C, table 

4.2 and table 4.3). Moreover, I found that injection of Hu A-BCM in TCRKO mice did not induce more 

anti-A nAbs beyond that naturally produced, unlike WT mice that responded to the blood injection (Fig. 

4.2D, table 4.2 and table 4.3). 

Taken together, my data showed that not only production of anti-A nAbs occur in the absence of T cells, 

but female CD4, MHC-II, and TCR KO mice beyond juvenile age produce much higher quantity of anti-A 

nAbs than males. Furthermore, in contrast to induction of anti-A Ab production which requires CD4+ T 

cells help for Ab production (Chapter 3), I showed that injection of Hu A-BCM in CD4, MHC-II, and TCR 

KO mice did not induce additional anti-A Ab beyond that naturally produced.  

 



76 
 

4.2.3. CD4+ T cells were involved in regulation of anti-A nAbs production.  

Despite the fact that the induction of anti-A [290] and anti-gal Abs [316, 317, 340] production appears to 

require T cell participation, depletion of T cells was shown actually to enhance the anti-gal nAbs 

production in α-galKO mice (sex was not reported)[310]. Moreover, generation of high anti-A nAbs in 

CD4, MHC-II and TCR KO mice described above, especially in females, stimulated me to investigate 

whether the presence of CD4+ T cells will result in down-regulation of ABO nAbs production. I 

hypothesized that although T cells are not absolutely required for production of ABO nAbs, they 

nonetheless may play a “regulatory role” in the setting of nAbs production. 

To address this, I used a modified protocol [331] to perform adoptive transfer of sex-matched WT CD4+ T 

cells into 4 week old CD4KO mice. Two weeks following the transfer of the WT CD4+ T cells, I detected 

CD4+ T cells in peripheral blood of the CD4KO mice (Fig. 4.3A). Importantly, the adoptive transfer of the 

WT CD4+ T cells resulted in significantly reduced anti-A nAbs production in treated CD4KO mice than in 

untreated mice (in both sexes, Fig. 4.3B, table 4.2 and table 4.3).  

My data showed that CD4+ T cells not only required for induction of anti-A Ab production (demonstrated 

in Chapter 3), but they also involved in the down-regulation of anti-A nAbs production. 

4.2.4. Mice produced anti-A nAbs despite treatment with broad-spectrum antibiotics. 

Although the formation of anti-B Ab in germ-free white leghorn chickens required an exposure to 

“bacterial B-like” Ag [119] and the chemical structure of blood group B-Ag is similar to that “bacterial 

Ag” [126, 129], germ-free animals can nevertheless develop ABO nAbs without exposure to bacterial 

“A/B-like” Ags [119, 132]. Given that the overall repertoire of IgM reacting to bacteria [140] and the 

abundance of total IgM are generally stable in both germ-free and conventionally-housed mice [131], I 

became interested in investigating whether gut bacterial flora is absolutely required for ABO nAbs 
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production. I predicted that bacterial flora in mouse gut could play an important role in ABO nAbs 

production, but may not be absolutely required.   

To study the role of gut bacteria in anti-A nAbs production in mice, I supplemented the drinking water of 

CD4KO and WT mice, starting at 7 days of age, with 1g/L each of neomycin, ampicillin, streptomycin, 

metronidazole and 0.25 g/L of vancomycin. As I predicted, antibiotic treatment significantly reduced anti-

A nAbs production in antibiotics-treated CD4KO mice than in antibiotics-untreated mice, but did not 

completely abolish production of the Abs (Fig. 4.4A, table 4.2 and table 4.3). The magnitude of the anti-

A nAbs reduction after antibiotics treatment was visibly appreciated in females than in males CD4KO 

mice (Fig. 4.4A, table 4.2 and table 4.3). 

To test whether gut bacterial flora participates in ABO Abs production, I injected WT and CD4KO mice 

with Hu A-BCM during the antibiotic treatment. Hu A-BCM injection induced anti-A Ab production in 

WT mice during antibiotic treatment, however, the Ab titers were significantly lower than antibiotics-

untreated WT mice, suggesting that gut flora contributes in ABO Abs production (Fig. 4.4B, table 4.2 and 

table 4.3). As expected, CD4KO mice produced significantly less anti-A nAbs during antibiotics treatment 

and that injection of Hu A-BCM did not induce anti-A Abs production beyond that naturally produced 

(Fig. 4.4C, table 4.2 and table 4.3), indicating that bacterial flora could play important role for ABO 

nAbs production but are not absolutely required and that CD4+ T cell is required to induce ABO Abs 

production. 

My data showed that antibiotic treatment reduced but did not prevent either natural or induced anti-A Ab 

production. This suggests that gut bacterial flora plays an important role in anti-A Abs production (greater 

impact in nAbs than in induced Abs) and that the impact of bacterial flora is greater for anti-A nAbs 
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production in females CD4KO mice than male mice. However, the exact contribution of bacterial flora in 

natural and induced ABO Abs production is not completely clear. 

4.2.5. Germ-free mice produced ABO nAbs without exposure to A/B-blood product. 

Reduction of anti-A nAbs in CD4KO mice following antibiotic treatment raised the question whether 

bacterial flora is absolutely required to produce anti-A nAbs. Since antibiotics use is limited by emergence 

of drug-resistant bacterial strains, I used germ-free mice to determine the ABO nAbs development without 

exposure to bacterial flora. With the help of our research group collaborators, I investigated ABO Abs 

development in serum obtained from WT B6 (from Universities of Calgary and Chicago), WT BALB (from 

University of Calgary), and outbred Swiss Webster mice (from University of Alberta). 

Contrary to general belief, germ-free mice produced both anti-A and B nAbs with age in a similar fashion 

to conventionally housed mice (Fig. 4.5A-D). Interestingly, I also found significant sex difference in 

germ-free strains, with female mice older than 4 weeks generally producing significantly higher anti-A and 

anti-B nAb than males (with some exceptions, such as B6 and BALB at 8 weeks old).  I also noted that 

conventional Swiss Webster female mice (25 weeks old) produced comparable anti-A nAbs level to germ-

free females (16 weeks old), but whether germ-free Swiss Webster females produce higher anti-A nAbs 

that conventional females at similar age is currently unknown. Interestingly, germ-free mice produced 

lower anti-B nAbs than anti-A nAbs may be due to expression of α-gal Ag as self-Ag
 
[350, 351] which has 

a galactose in the terminal sugar similar to B-Ag [312]. Hence, the close related structure of α-gal Ag to B-

Ag results in partial tolerance to B-Ag in WT mice [366].  

My novel data showed that ABO nAbs spontaneously develop in germ-free mice despite absence of 

bacterial flora. Interestingly, unlike conventionally-housed mice, germ-free mice showed a significant sex 
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difference in ABO nAbs development (higher Abs in females) that is not limited to inbred B6 and BALB, 

but also occurred in outbred Swiss Webster mice. 

4.3. Discussion: 

In summary, my data showed that CD4, MHC-II, and TCR KO mice not only produced anti-A nAbs 

without CD4+ T cell help, but produced significantly more anti-A nAbs than WT mice. Thus, CD4+ T cell 

participation appears to down-regulate the production of the anti-A nAbs. Moreover, sex is an important 

biological variable in ABO nAbs production in CD4, MHC-II, TCR KO mice, and in germ-free mice, with 

females produced markedly higher levels of ABO nAbs than males. In addition, my experiments showed 

that bacterial flora was not absolutely required for either natural or for induction of ABO Abs production. 

Nonetheless, bacterial flora could still play a role in both natural and induced ABO Abs production. 

Mice spontaneously produce ABO nAbs over time in similar fashion to humans but whether T cells 

participate or required for ABO nAbs production has not been clear. While Neron’s study [72] concluded 

that ABO Abs production in mice is “T-independent”, Christiansen’s study [290] showed a requirement 

for CD4+ T cells participation, consistent with a T-dependent process. Additionally, Tazawa’s study [291] 

concluded that NKT cells, but not CD4+ T cells, are required for the ABO Abs production. However, none 

of these studies considered the development of ABO nAbs over course of their experiments in the absence 

of immunization to conclude whether ABO Abs production is induced or developed spontaneously. 

In my longitudinal studies, I found that WT B6 mice do produce anti-A nAbs over time, with lower Ab 

production in early life (7-10 weeks old), with a tendency for a higher anti-A nAbs production in female 

WT mice compared to male mice. Nevertheless, sex seems to not play an important role in anti-A nAbs 

production in WT mice in early life (7-10 weeks old) or in induction of anti-A Ab at that time period. 

Surprisingly, CD4, MHC-II, and TCR KO mice not only developed higher anti-A nAbs levels than WT 
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mice, but there was also a striking sex difference, with much higher anti-A nAbs produced in females. 

Furthermore, I found that this sex difference in anti-A nAbs production was not impacted by co-housing 

male and female CD4KO mice, indicating that the difference is due to sex and not to age or environmental 

factors, such as food and allergens [143, 182]. The failure to induce anti-A Ab production with injection of 

Hu A-BCM in CD4, MHC-II, and TCR KO mice, unlike WT mice [101, 290, 291, 309], together with the 

failure of Hu A-BCM to augment anti-A Ab production beyond the naturally produced anti-A Ab in these 

mice, indicated that CD4+ T cell participation is required to induce anti-A Ab production. Therefore, these 

data suggested that anti-A nAbs production occurs without T cell help, in contrast to induction of anti-A 

Ab which requires CD4+ T cell participation (Chapter 3).  

Although the intentional induction of anti-A/B and anti-gal Abs production appears to require T cell 

participation [290, 315-317], depletion of T cells was shown to enhance anti-gal nAbs production [310], 

suggesting that absence of T cell participation might also enhance anti-A nAbs development. In my 

experiments, adoptive transfer of sex-matched WT CD4+ T cells indeed resulted in reduced anti-A nAbs 

production in CD4KO mice, indicating that the presence of CD4+ T cells would result in lower ABO nAbs 

production. In Chapter 3, I showed that CD4KO mice require CD4+ T cell participation in order to induce 

anti-A Ab as adoptive transfer of WT CD4+ T cells followed with injection of Hu A-BCM induced 

abundant anti-A Ab in CD4KO mice. Therefore, these data in (Chapter 3 and Chapter 4) suggest that 

CD4+ T cells may play two roles: 1) regulation of the ABO nAbs production (unknown which CD4+ T cell 

subset is involved in this regulation), and 2) providing help for B cells of WT mice to produce ABO Abs. It 

will be interesting to examine whether CD4+CD25+FoxP3+ regulatory T cells are involved in ABO nAbs 

regulation. 

Springer’s studies showed that formation of anti-B Ab in germ-free chicks was induced by blood group B 

+ve (BGB
+
) E. coli O86 [119]. Additional data in 1980s showed that ABO Abs were greatly reduced in 
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germ-free mice [130] and that exposure of germ-free mice to bacterial contamination would lead to ABO 

Abs development [132]. In agreement with the bacterial stimulus hypothesis, ingestion of probiotic bacteria 

was associated with extremely high ABO Abs titers [135] and that feeding of humans on E. coli O86 

resulted in stimulation of anti-B Ab production [120]. In agreement with Springer’s hypothesis that ABO 

Abs are induced by exposure to “A/B-like” Ags on bacteria [119, 120, 130-132], antibiotic treatment in my 

experiments reduced both the induced and anti-A nAbs production in WT and CD4KO female mice, 

respectively, suggesting that bacterial flora plays an important role in ABO Abs production. However, I 

cannot conclude from these experiments that bacterial flora is absolutely required during stimulation of 

ABO Abs production, because antibiotic treatment cannot eliminate all bacterial floras. In addition, the 

difference in bacterial flora in the vagina or due to difference in bacterial composition in females [367, 

368] would necessitate the use of germ-free mice in lieu of antibiotics [369].  

Detection of ABO nAbs in three germ-free mice strains (WT B6, BALB, and outbred Swiss Webster) and 

from three different facilities (Edmonton, Calgary, and Chicago) indicated that a gut bacterial stimulus in 

mice is not absolutely required for ABO nAbs production. Detection of ABO Abs in germ-free mice brings 

the question whether B cells spontaneously produce nAbs [140, 172, 208], or require an endogenous 

stimulus [183-185], such as cellular by-products [186-189] of normal tissues [178, 179, 191, 192] and 

tumors [144, 190]. One possible explanation for the fact that different strains of germ-free mice from 

different locations produced ABO nAbs is that the Abs might be induced by a “non-bacterial stimulus”, 

possibly food and allergens [143, 182], or other self-antigens [183-185], including ovarian glycolipids 

[205, 206]. Therefore, this possibility may explain why specificity of serum ABO Abs produced, after 

feeding on bacterial flora, does not correspond with the Ags expressed on that bacterial flora [119, 132] or 

why total IgM in both germ-free and conventionally housed mice are stable [131, 140]. Interestingly, mice 
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[174] and rabbits [175] showed an elevation of nAbs during puberty, where estrogen was reported to be 

important for nAbs production [174]. 

Although WT mice older than 3 months develop high level of ABO nAbs [72, 101, 289] in a similar 

fashion to humans [133, 134], sex does not seem to play a significant role in ABO nAbs in WT mice. The 

striking sex difference in ABO nAbs production in CD4, MHC-II, and TCR KO mice, but not in WT mice, 

showed that the absence of a regulatory role of CD4+ T cell could result in higher ABO nAbs in CD4KO 

mice than in WT mice. I speculated that a lack of suppressive influence, such as biased 

CD4+CD25+FoxP3+ regulatory T cell function [370], or a sex-related internal stimulus, such as estrogen 

[174] or glycolipids [205], may participate in the production of ABO nAbs in CD4, MHC-II, and TCR KO 

female mice. Exclusion of environmental variance, by co-housing the CD4KO male and female mice, did 

not affect this sex difference, suggesting that the stimulus is endogenous.  

In summary, in contrast to the requirement for CD4+ T cell help for induction of ABO Abs production 

(Chapter 3), CD4+ T cell help is not required for ABO nAbs production; CD4+ T cells (possibly subsets) 

play a different role in this process. Therefore, future studies should consider the possibly that CD4+ T cell 

subset, such as CD25+FoxP3+ regulatory T cell, could  down-regulate ABO nAbs. 

Female CD4, MHC-II, and TCR KO mice develop significantly higher ABO nAbs than male mice. This 

could be due to differences in sex hormones and/or hormonal receptors, similar to stimulation of anti-E.coli 

nAbs production in female mice by estrogen regardless of colonization by bacterial flora [174]. Future 

studies could study the contribution of sex hormone, such as estrogen, in induction of ABO nAbs. Other 

future studies should distinguish between natural and induced ABO Abs produced. In this regard, ABH 

glycan microarray could possibly be very useful for the distinction of these antibodies. 
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Fig. 4.1: Female CD4KO mice developed significantly higher anti-A nAbs than male CD4KO mice 

and female WT mice. (A) Serial sera collected from untreated mice (orange long arrows) showed that 

female and male WT B6 mice produce similar anti-A nAbs titer in early weeks but female mice produce 

slightly higher Ab titer in later weeks (non-significant sex difference). Female CD4KO mice produced 

significantly higher anti-A nAbs than male CD4KO (ie, without CD4+ T cell help, see table 4.2 for 

comparison between groups). (B) Anti-A nAbs production remains lower in older CD4KO male mice 

compared to females over time. (C) Hu A-BCM injection (red short arrows) does not augment anti-A 

Ab production in CD4KO mice. Hemagglutination was used to measure anti-A Ab titer, using A-Tg 

reagent RBC. Mean of anti-A Ab was used in paired T-Test (ns=non significant, * = P ≤ 0.05, *** = P ≤ 

0.001, see table 4.2 and 4.3 for comparison between groups).   



84 
 

 

 

 

Fig. 4.2: T cell-deficient mice produced anti-A nAbs with a similar striking sex difference. 

(A) Untreated MHC-IIKO mice produce anti-A nAbs, with a similar sex difference to CD4KO 

mice. Anti-A nAbs remained low in WT male and female mice (B) The anti-A nAbs developed 

in MHC-IIKO mice are not further augmented with injection of Hu A-BCM. (C) Untreated 

TCRKO mice produce anti-A nAbs with similar sex difference to CD4KO and MHC-IIKO mice. 

(D) TCRKO mice produce anti-A nAbs that are not further augmented with injection of Hu A-

BCM. Hemagglutination was used to measure anti-A Ab titer, using A-Tg reagent RBC. Mean of 

anti-A Ab was used in paired T-Test (ns=non significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 

0.001, see table 4.2 and 4.3 for comparison between groups). 
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Fig. 4.3:  CD4+ T cells were involved in down-regulation of the anti-A nAbs production. (A CD4+ T 

cells were isolated (left histogram) from WT mice and adoptively transferred [331] into sex-matched 

CD4KO mice at 4 weeks of age (gray triangle). Two weeks after the adoptive transfer, CD4+ T cells were 

detected in peripheral blood of CD4KO mice, a representative example of CD4+ T cell reconstitution is 

shown (right dot plot). Starting from 1 month old, blood was collected for anti-A Ab detection (orange 

long arrows). (B) Adoptive transfer of CD4+ T cells into CD4KO mice at age 1 month resulted in 

significantly reduced anti-A nAbs production than untreated mice. Hemagglutination was used to measure 

anti-A Ab titer, using A-Tg reagent RBC. Standard error of mean (Mean + SEM) of anti-A Ab was used in 

paired T-Test (** = P ≤ 0.01). 
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Fig. 4.4: Despite treatment with broad-spectrum antibiotics, anti-A Ab was produced in CD4KO 

mice. (A) After broad-spectrum antibiotic treatment, started at week one (pink triangle) and ended at 

week 10, anti-A nAbs production in CD4KO mice was significantly reduced (dramatic reduction was in 

females). (B) Hu A-BCM injection (red short arrows) induced anti-A Ab in WT mice. However, 

antibiotics treatment resulted in significantly lower induced anti-A Ab than in antibiotics-untreated WT 

mice. (C) CD4KO mice treated with antibiotics (pink triangle) and injected with Hu A-BCM (red short 

arrows) did not induce anti-A Ab beyond that naturally produced. Hemagglutination was used to 

measure anti-A Ab titer using A-Tg reagent RBC. Standard error of mean (Mean + SEM) of anti-A Ab 

was used in paired T-Test (ns=non significant, * = P ≤ 0.05, *** = P ≤ 0.001, see table 4.2 and 4.3 for 

comparison between groups).   
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Fig. 4.5: Germ-free mice produced ABO nAbs without exposure to A/B-Ags or bacterial flora. Serum 

collected from B6 (A) and BALB (B) mice housed in germ-free condition at University of Calgary 

developed both anti-A (left) and anti-B (right) nAbs without exposure to bacterial flora or A/B-Ags. 

Moreover, serum obtained from germ-free B6 male mice housed at University of Chicago (C) showed 

germ-free male mice produced comparable anti-A Ab level to conventional housed male mice. Similarly, 

serum obtained from outbreed Swiss Webster mice housed in germ-free condition at University of Alberta 

(D) showed that both the mice produce anti-A (left) and anti-B Abs (right) without exposure to bacterial 

flora or A/B-Ags. Hemagglutination was used to measure anti-A and B Ab titer using A-Tg or human type 

A reagent RBC, respectively. Standard error of mean (Mean + SEM) of anti-A/B Ab was used in paired T-

Test (ns=non significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001). 
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Table 4.1: Summarized data of Chapter 4 

Treatment Recipients No Age in weeks anti-A  anti-B 

Untreated WT B6 females 8 6 – 10  4 ND 

Untreated WT B6 males 7 6 – 10  2 ND 

Hu A-RBC injection WT B6 females 3 6 – 10  1024 ND 

Hu A-RBC injection WT B6 males 6 6 – 10  1024 ND 

      

Untreated CD4KO females 7 6 – 10  1024 - 4096 ND 

Untreated CD4KO males 3 6 – 10  16 ND 

Hu A-RBC injection CD4KO females 7 6 – 10  1024 - 4096 ND 

Hu A-RBC injection CD4KO males 5 6 – 10  16 ND 

Untreated MHC-iiKO females 5 6 – 10  1024 - 4096 ND 

Untreated MHC-iiKO males 3 6 – 10  16 ND 

Hu A-RBC injection MHC-iiKO females 3 6 – 10  1024 -  4096 ND 

Hu A-RBC injection MHC-iiKO males 4 6 – 10  16- 32 ND 

Untreated T cells KO females 3 6 – 10  1024 - 4096 ND 

Untreated T cells KO males 3 6 – 10  16- 32 ND 

Hu A-RBC injection T cells KO females 5 6 – 10  1024 - 4096 ND 

Hu A-RBC injection T cells KO males 5 6 – 10  16- 32 ND 

      

Antibiotics  WT B6 5 6 – 10  4 ND 

Antibiotics + Hu A-RBC injection WT B6 5 6 – 10  256 - 512 ND 

Antibiotics  CD4KO females 6 6 – 10  32 ND 

Antibiotics  CD4KO males 10 6 – 10  4 - 8 ND 

Antibiotics + Hu A-RBC injection CD4KO females 9 6 – 10  32 ND 

Antibiotics + Hu A-RBC injection CD4KO males 5 6 – 10  8 – 16 ND 

  

Germ-free condition (Calgary) WT B6 females 4 4  2 - 4 1 

Germ-free condition (Calgary) WT B6 males 4 4   2 - 4 1 

Germ-free condition (Calgary) WT B6 females 4 8   256 2 

Germ-free condition (Calgary) WT B6 males 4 8   2 - 4 1 

Germ-free condition (Calgary) WT B6 females 4 12   256 2 

Germ-free condition (Calgary) WT B6 males 4 12   8 4 

Germ-free condition (Calgary) WT BALB females 4 4  1 1 

Germ-free condition (Calgary) WT BALB males 4 4   1 1 

Germ-free condition (Calgary) WT BALB females 4 8   8 2 

Germ-free condition (Calgary) WT BALB males 4 8   4 - 8 2 

Germ-free condition (Calgary) WT B6 females 4 12   256 4-8 

Germ-free condition (Calgary) WT B6 males 4 12   8 4 

Conventional condition (Chicago) WT B6 males 5 17   64 ND 

Germ-free condition (Chicago) WT B6 males 5 21   32 – 64 ND 

Germ-free condition (Edmonton) Swiss Webster females 4 16  256 4-8 

Germ-free condition (Edmonton) Swiss Webster males 4 30   16 – 32 1-2 
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Table 4.2: Comparison tables of groups (between 6 - 10 weeks old) 

Groups  Treatment Recipients No Anti-A  6 vs. 10 weeks titer 

#1 Untreated WT B6 females 8 4 ns 

#2 Untreated WT B6 males 7 2 ns 

#3 Untreated CD4KO females 7 1024-4096 ** 

#4 Untreated CD4KO males 3 16 * 

#5 Untreated MHC-iiKO females 5 1024-4096 ** 

#6 Untreated MHC-iiKO males 3 16 * 

#7 Untreated αβ/γδ T cells KO females 3 1024-4096 ** 

#8 Untreated αβ/γδ T cells KO males 3 16-32 * 

#9 Hu A-RBC  WT B6 females 3 1024 *** 

#10 Hu A-RBC  WT B6 males 6 1024 *** 

#11 Hu A-RBC  CD4KO females 7 1024-4096 ** 

#12 Hu A-RBC  CD4KO males 5 16 * 

#13 Hu A-RBC  MHC-iiKO females 3 1024-4096 ** 

#14 Hu A-RBC  MHC-iiKO males 4 16-32 * 

#15 Hu A-RBC  αβ/γδ T cells KO females 5 1024-4096 ** 

#16 Hu A-RBC αβ/γδ T cells KO males 5 16-32 * 

#17 Antibiotics  WT B6 5 4 ns 

#18 Antibiotics  CD4KO females 6 32 ** 

#19 Antibiotics  CD4KO males 10 4-8 * 

#20 Antibiotics + Hu A-RBC WT B6 5 256-512 *** 

#21 Antibiotics + Hu A-RBC  CD4KO females 9 32 * 

#22 Antibiotics + Hu A-RBC  CD4KO males 5 8-16 ns 

 Standard error of mean (Mean + SEM) of anti-A Ab was used in T-Test. 

 ns = ≥ 0.5, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 

Table 4.3: Comparisons of group’s # 

Groups #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

#1  ns *  ***  ***  **        ns   **   

#2 ns   *  ns  ***  ***       ns   **   

#3 *   * ns  ns    ns       ns   **  

#4  *** *   ns  ns    ns       **   ** 

#5 ns  ns   ns ns      ns          

#6  ***  ns ***   *      ns         

#7 *  ns  ns   ns       ns        

#8  ***  ns  ns **         ns       

#9 **         ns ns  ns  ns   **   ***  

#10  ***       ns   ***  ***  *** ***  *** ***   

#11   ns         ***  *  ns       

#12    ns      *** ***   ns  ns   ***   ns 

#13     ns    ns  ns   * ns        

#14      ns    ***  ns *   ns       

#15       ns  ns  ns  ns   **       

#16        ns  ***  ns  ns **        

#17 ns *       * ***        *** ns *   

#18   ns        **        ***  *  

#19    **        ***     ns ***    ns 

#20 ** **       ns ***       *    ** * 

#21   **        ***       *  **  ** 

#22    **        ns       *** ns **  

 Standard error of mean (Mean + SEM) of anti-A Ab was used in Two-way ANOVA  

 ns = ≥ 0.5, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 
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Chapter 5: 

Siglecs play important role in modulation of both natural and induced anti-A Ab production 

5.1. Introduction: 

Heart transplantation (HTx) during infancy is successful long-term therapy for congenital heart 

disease; however there remains a lack of sufficient donors. Use of ABO-incompatible (ABOi) 

donors [87] expands the donor pool and results in immunologic tolerance to donor A/B-antigens 

(Ags) by mechanisms that remain not well-defined [88]. West’s research group previously found 

that ABO Abs are mainly produced by CD27
+ 

IgM
+
 B cells and that this B cell subset in spleen 

expressed significantly higher levels of CD22 in infants than adults [282, 283]. High level 

expression of CD22 on these B cells corresponds to the time of ABO tolerance development 

following ABOi-HTx during infancy. 

CD22 and Siglec-g (Siglec 10 in humans) are members of a family of cell surface proteins that bind 

sialic acid, sialic acid-binding immunoglobulin-like lectins (Siglecs). CD22 and Siglec-g are 

involved in regulation of B cell receptor (BCR) signaling [231-233], autoimmunity, and immunity 

and infection (reviewed in [234-237]). In mice, CD22 and Siglec-g are expressed at high levels on 

B1 and marginal zone B cells [239, 278, 320] and these B cell subsets are thought to produce Abs 

against T-independent (TI) Ags [154, 196, 321, 322]. CD22 and Siglec-g expressed on B cells can 

inhibit the immune response to TI type 2 (TI-2) sialylated glycan Ags in the setting of B cell 

self/non-self-discrimination [225-229] where the trans interaction of CD22 and Siglec-g with their 

ligands (i.e. sialylated multivalent chemical structures) results in B cell inhibition [226, 227, 229] or 

tolerance [225, 228].  
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Despite discovery of CD22 molecule in 1980s [371, 372], the impact of CD22 molecule on Ab 

production to carbohydrates (CHO) remained controversial [224, 252-259](Table 1.2). Some of 

these studies reported that in CD22 knock-out (KO) mice the lack of CD22 expression on B cells 

resulted in B cell hyper-responsiveness to CHO Ags [252-254]. In contrast, other studies reported 

that Ab production to CHO-Ags is impaired in CD22KO mice [224, 255, 256]. Moreover, others 

reported that CD22-deficiency did not impact Ab production to CHO-Ags [257-259]. Similar 

controversies were also reported with Siglec-gKO mice [224, 249, 250](Table 1.2). However, these 

studies investigated the role of Siglecs in Ab production stimulated by limited set of artificial CHO 

structures rather than naturally-occurring CHO-Ags (such as ABO or α-gal Ags). In addition, these 

studies did not determine the occurrence of natural
 
Abs (nAbs) produced against these CHO 

structures used to immunize the mice (Table 1.3).  

Despite that Siglecs have been identified as important inhibitory molecule for B cells, the potential 

role of Siglecs in modulating the ABO Abs response has not been studied. In addition, CD22 could 

play important role in ABO tolerance following ABOi-HTx in infants [282, 283]. Herein, I used 

CD22KO, Siglec-gKO, and CD22xSiglecgKO mice as tools to explore the role of Siglecs in natural 

(without exposure to A/B-Ags) and induced ABO Abs production. I speculated that in the absence 

of inhibitory CD22/Siglecg inhibitory molecule, CD22/Siglecg-deficient mice would produce 

higher levels of ABO Abs than in WT mice. Based on expansion of B1 cells (Table 1.1) and hyper-

responsiveness of B cells observed in CD22/Siglecg-deficient mice [249, 252-254], I hypothesized 

that Siglecs are involved in the regulation of both natural and induced ABO Abs production. 
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5.2. Results: 

5.2.1. Siglecs played important role in production of ABO nAbs. 

As I discussed in Chapter 4, nAbs, mostly of the IgM isotype, are thought to be produced 

spontaneously by B1 cells [103, 323] and have specificity for epitopes expressed on 

microorganisms [105, 169, 176, 177] or host cells [178, 179]. I demonstrated that CD4, MHC-II, 

and TCR KO B6 mice spontaneously produce higher anti-A nAbs than WT B6 mice (both sexes, but 

especially females; Chapter 4), suggesting that CD4+ T cells may be involved in regulation of ABO 

nAbs production. I also showed that beyond the anti-A nAbs, CD4, MHC-II, and TCR KO mice did 

not produce anti-A Ab following stimulation by A-Ag in the form of Hu A-RBC, suggesting that 

CD4+ T cell participation is required for induced anti-A Ab production (Chapter 3).  

It was shown that compared with WT mice, there were higher numbers of B1 cells in peritoneal 

cavity and increased production of nAbs IgM in serum of CD22KO [252, 258], Siglec-gKO [226, 

249, 250, 262] and CD22xSiglecgKO mice [224](Table 1.1). However, it is unknown whether 

CD22KO mice produce higher ABO nAbs than WT mice. Furthermore, whether sex impacts anti-A 

nAbs production in CD22KO mice, similar to CD4, MHC-II, and TCR KO mice, is unknown.  

Using age-matched historical sera collected from CD22KO and WT B6 mice, I measured anti-A 

nAbs and I found that CD22KO mice develop significantly higher anti-A nAbs than WT mice at 

different age groups (Fig. 5.1A, table 5.1 and table 5.2).  

I also studied anti-A nAb development longitudinally in untreated WT and CD22KO males and in 

females (CD22KO mice used in Chapter 5 were housed in HSLAS facility and therefore might be 

exposed to different bacterial flora). I found that at early age (6-10 weeks old) female CD22KO 

mice produced significantly higher anti-A nAbs than males. Similarly, female WT mice during 
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adulthood (8-12 weeks old) produced non-significantly higher anti-A nAbs than male mice (Fig. 

5.1B, table 5.1 and table 5.2). In comparison of CD22KO with WT mice data at early age, I found 

that not only female CD22KO mice developed significantly higher anti-A nAbs than male CD22O 

and female WT mice, but also that male CD22KO mice developed significantly higher anti-A nAbs 

than female and male WT mice (see the table 5.1 and table 5.2 for group comparisons). 

I longitudinally followed-up anti-A nAbs production in some of the mice previously presented in 

(Fig. 5.1B). I found that in later life, females WT mice continued to produce significantly higher 

anti-A nAbs than male WT mice, suggesting that sex plays important role in ABO nAbs in adult and 

old WT mice (Fig. 5.1C). In contrast, sex does not play important role in anti-A nAbs production in 

CD22KO mice at later age (>3 months), because both male and female CD22KO mice produced 

similar level of anti-A nAbs in longitudinal follow-up (Fig. 5.1C). Starting at 3 months old, I 

observed a wide variation in anti-A nAbs titer, with some male CD22KO mice producing higher 

titer than female CD22 mice that could be attributed to smaller number of CD22KO mice that I 

followed-up their anti-A nAbs titer over time (4 females and 5 males).  

Taken together, my results showed that in early months, CD22KO mice produce higher anti-A nAbs 

than in WT mice and that CD22KO female mice produced higher titer than males, suggesting that 

lack of CD22-mediated inhibition results in high ABO nAbs development and that sex plays an 

important role in production of ABO nAbs.  

5.2.2. B cell Siglecs were important for induction of ABO Abs production. 

There is a discrepancy among research groups regarding the role of Siglecs (CD22 and Siglec-g) in 

Ab production following stimulation of Siglecs-deficient mice with chemically-conjugated Ags, 

such as 2,4-dinitrophenyl (DNP) or 2,4,6-trinitrophenyl (TNP) (Table 1.2). For instance, as noted 
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above, some studies reported that CD22/Siglecg-deficiency promoted B cell hyper-responsiveness 

to stimulation and augmented anti-DNP/TNP Ab production [249, 252-254]. In contrast, other 

studies reported that CD22/SiglecgKO mice developed impaired Ab production following 

stimulation by DNP/TNP Ags [224, 254-256, 263]. Interestingly, other groups reported that 

CD22/Siglecg-deficiency had no significant impact on anti-DNP/TNP Ab production [249, 250, 

257-260, 263]. 

A confounding factor in these studies in regard to the impact of CD22/Siglecg-deficiency on anti-

DNP/TNP Abs production may have been lack of differentiation between natural vs. induced anti-

DNP/TNP Abs. For instance, DNP/TNP Abs have been shown to be produced spontaneously in 

mice [264, 269, 270, 272, 273], rats [271], humans [267, 268], pigs [266], monkeys [265], and fish 

[154, 231, 324](Table 1.3). The requirements for spontaneous/natural DNP/TNP Abs development 

may differ from Ab development induced by exposure to DNP/TNP Ags. In addition, these studies 

all relied on chemically-synthesized structures that may not represent the in vivo production of Ab 

against naturally-occurring CHO-Ags. 

First, I examined anti-A Ab production following injecting human types A blood cell membranes 

(Hu A-BCM) in age and sex-matched WT and CD22KO B6 mice (Fig. 5.2A). I found that male and 

female responded equally to the Hu A-BCM injection (Fig. 5.2B,C), suggesting that sex does not 

play important role in induced anti-A Ab production in WT mice. Here, in CD22KO mice, injection 

of Hu A-BCM induced massive anti-A Ab production (1/4096 - 1/16,384), in both females (Fig. 

5.2B, table 5.1 and 5.2) and males (Fig. 5.2C, table 5.1 and 5.2) mice, showing that induced anti-

A Ab production is higher in CD22KO than in WT mice and in female CD22KO mice than in 

CD22KO males. Altogether, these data indicated that in the absence of inhibitory CD22-signaling, 

higher levels of anti-A Ab is produced following stimulation by xenogeneic Hu A-BCM. 
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5.2.3. Without B cell Siglecs, induction of ABO Abs production did not require CD4+ T cells 

Previous studies concluded that induced ABO Abs production in mice did not require CD4+ T cell 

participation [72, 291], whereas other studies showed that CD4+ T cells were necessary for induced 

anti-B Ab in WT mice [290]. My experiments demonstrated that induction of ABO Abs required 

CD4+ T cell involvement (Chapter 3). The role of Siglecs signaling in the context of CD4+ T cell 

help in induction of ABO Abs production is not clear, but it is generally accepted that B cells from 

CD22KO mice require less stimulation than WT mice to induce B cell activation [260, 325]. 

Therefore, I examined induction of ABO Abs production in the context of syngeneic or xenogeneic 

stimulation in CD22KO mice compared with WT mice. I predicted that in the absence of CD22 co-

inhibitory signaling, CD4+ T cell help might not be required for induction of ABO Abs production 

in CD22KO mice, similar to previous study showed that a reduced need for T cell help when a B 

cell FcγR co-inhibitory signaling was blocked [373],  

In order to address this prediction, I examined induction of anti-A Ab production in CD22KO mice 

without allogeneic or xenogeneic stimulation (without CD4+ T cell participation that usually 

recruited by foreign protein). Unlike my results demonstrating that induction of anti-A Ab 

production in WT mice required CD4+ T cell participation (Chapter 3), I found that injection of 

syngeneic A-Tg BCM (Fig. 5.3A) induced significantly higher level of anti-A Ab production in 

CD22KO mice, but not in untreated mice (Fig. 5.3B, C, table 5.1 and table 5.2). This result 

demonstrated that stimulation by A-Ag alone without foreign protein known to engage CD4+ T cell 

help would induce Ab production in the absence of CD22 inhibitory signaling. Therefore, I 

specifically examined whether CD4+ T cell participation is required for induction of anti-A Ab 

production in CD22KO mice. First, I induced CD4+ T cell depletion with injection of GK1.5 anti-

CD4 Ab in CD22KO mice and assessed the depletion efficacy by flow cytometry (Fig. 5.3.D). In 
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contrast to WT mice following CD4+ T cell depletion (Chapter 3), Hu A-BCM injection induced 

significant amount of anti-A Ab production independent of CD4+ T cell participation (Fig. 5.3E, F, 

table 5.1 and table 5.2), indicating that CD4+ T cells may not be required for induction of anti-A 

Ab production when CD22 inhibition is absent. I observed that syngeneic A-Tg BCM injection 

induced comparable anti-A Ab to Hu A-BCM injection. 

In summary, these data indicated that, in the absence of CD22 inhibitory signaling, A-antigen alone 

on A-Tg BCM is sufficient to induce anti-A Ab production in syngeneic mice and that induced anti-

A Ab production following Hu A-BCM injection in mice without CD22-mediated B cell inhibition 

is CD4+ T cell-independent.  

5.3. Discussion: 

Compared to WT mice, CD22KO mice spontaneously produced higher anti-A nAbs without 

exposure to known source of A/B-Ags. The exact stimulus for production of anti-A Ab remains 

unknown, but may be “A/B-like” Ags present in environment, such as food or bacterial flora [360, 

374]. The reason for increased anti-A Ab production in CD22KO mice vs. WT is unknown, but may 

be due to B cell hyper-responsiveness without CD22-mediated inhibition, or due to B1a cell 

expansion in CD22/Siglecg-deficient mice (Table 1.1). 

Sex is an important biological factor in immune responses in mice and humans (reviewed in [284, 

285]). Recently, Kubes group showed that nAbs produced in female mice provided an innate 

immunity against bacterial infection [174] and these nAbs were produced during puberty in 

response to estrogen, independent of bacterial colonization [174]. Similar to CD4, MHC-II, and 

TCR KO (Chapter 4), sex may also play an important role in ABO nAbs production in CD22KO 

mice. In addition, it was shown that Lactobacillus can disrupt normal bacterial flora colonization in 
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vagina of female mice [375] and therefore female mice might have exposed to different “A/B-like” 

bacterial Ags. Although my data demonstrated that female mice in general produce higher ABO 

nAbs than males, the interaction between sex hormones, CD22, and bacterial flora is important as-

yet-unknown and requires further investigation.  

I showed that stimulation of CD22KO mice with injection of Hu A-BCM induced massive anti-A 

Ab production. This “hyper-response” to stimulation by xenogeneic Hu A-BCM is consistent with 

the requirement of CD4+ T cell participation in induced ABO Abs production [290]. As I showed 

in Chapter 3 that induction of anti-A Ab in WT mice required the presence of CD4+ T cells 

(presumably recruited by foreign proteins expressed in xenogeneic Hu A-BCM), therefore, it might 

be that massive anti-A Ab production following xenogeneic Hu A-BCM injection in CD22KO mice 

was a result of combination of CD4+ T cell help and B cell “hyper-responsiveness”. 

In addition to the massive level anti-A Ab induced with injection of xenogeneic Hu A-BCM, 

injection of CD22KO mice with syngeneic A-Tg BCM (with no foreign protein that could engage 

CD4+ T cells help) induced anti-A Ab production, suggesting that “hyper-responsive” B cells in the 

CD22KO mice could respond to A-Ag without CD4+ T cell participation. In this regard it is 

noteworthy that CD4+ T cell depletion in CD22KO mice followed with injection of Hu A-BCM 

induced comparable anti-A Ab production to that of syngeneic A-Tg BCM. These results are 

consistent with the CD22 providing an inhibitory signal for induction of ABO Abs production that 

could be overcome with CD4+ T cell help, similar to previous study showed that blocking of B cell 

FcγR co-inhibitory receptor would reduce the need for T cell help [373]. Therefore, my speculation 

is that in the absence of CD22 inhibition, CD4+ T cell help is not required for induced ABO Abs 

production.  
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My results demonstrated that unlike WT mice, in the absence of Siglecs (CD22KO mice) there was 

no requirement for foreign protein or CD4+ T cells for anti-A Ab induced by stimulation with A-

Ag. Thus in the absence of Siglecs, induction of anti-A Ab production is “T-independent”. These 

results suggest that Siglecs play an important role in both natural and induced ABO Abs production. 

Future experiments should study whether B cell “hyper-responsiveness” and/or expansion of B1 

cell population resulted in higher production of ABO Abs in CD22KO mice than in WT mice.  

Future studies should also investigate whether X-linked specific genes, hormones, and/or hormonal 

receptors would impact both natural and induced ABO Abs production in female mice.  
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Fig. 5.1: C22KO B6 mice developed higher anti-A nAbs than WT mice. A) At different age 

groups, CD22KO (mixed sex, housed in HSLAS) developed significantly higher anti-A nAbs than 

WT mice (mixed sex, housed in satellite room). B) Anti-A nAbs production in CD22KO mice and 

WT mice at 4-12 weeks of age were longitudinally monitored (orange long arrows). WT and 

CD22KO female mice developed significantly higher anti-A nAbs titer than WT and CD22KO male 

mice, respectively. C) Using some mice shown in B) for a longitudinal follow-up, I showed that WT 

females and CD22KO male and female mice developed significantly higher anti-A nAbs titer than 

male WT mice. Hemagglutination was used to measure anti-A Ab titer, using A-Tg reagent RBC. 

Data are presented using standard error mean (Mean + SEM) in T-Test (ns=non-significant, * = 

≥0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, see table 5.1 and 5.2 for all the comparisons).  
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Fig. 5.2: Hu A-BCM injection induced massive anti-A Ab production in CD22KO B6 mice. A) 

My experimental design for Hu A-BCM injections (red short arrows) and tail bleeding (orange 

long arrows).  B) Hu A-BCM injection induced massive anti-A Ab production in female CD22KO 

mice, much higher than induction of anti-A Ab in female WT mice by Hu A-BCM. C) Similarly, 

Hu A-BCM injection induced massive anti-A Ab production in male CD22KO mice. 

Hemagglutination was used to measure anti-A Ab titer, using A-Tg reagent RBC. Data are 

presented using standard error of mean (Mean + SEM) in T-Test (* = ≥0.05, ** = P ≤ 0.01, see 

table 5.1 and 5.2 for all the comparisons).  
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Fig. 5.3: Syngeneic A-Tg BCM injection induced anti-A Ab production in CD22KO B6 mice. 

A) My experimental design for sensitization with injection of syngeneic A-Tg BCM (black short 

arrows) and tail bleeding (orange long arrows).  B) Injection of syngeneic A-Tg BCM induced 

anti-A Ab production in female CD22KO mice. C) Similarly, syngeneic A-Tg B6 BCM injection 

also induced anti-A Ab production in male CD22KO mice. I used hemagglutination to measure 

anti-A Ab titer, using A-Tg reagent RBC. Data are presented using standard error of mean (Mean + 

SEM) in T-Test (ns=non-significant, * = ≥0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, see table 5.1 and 

5.2 for all the comparisons).  
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Fig. 5.3: Hu A-BCM injection induced anti-A Ab in CD22KO mice, independent of CD4+ T 

cell participation. D) In my experimental design, CD4+ T cell depletion was induced with 

injection of GK1.5 anti-CD4 Ab (250 ug i.p inj., twice per week, (blue arrows), effectiveness of T 

cell depletion is shown) followed with injection of Hu A-BCM (red short arrows). E) Following T 

cell depletion, Hu A-BCM injection induced anti-A Ab in female CD22KO mice, compared to 

untreated mice. F) Similarly, T cell depletion and Hu A-BCM injection induced anti-A Ab in male 

CD22KO mice, compared to untreated mice. Anti-A Ab titer was measure by hemagglutination, 

using A-Tg reagent RBC. Data are presented using standard error of mean (Mean + SEM) in T-Test 

(ns=non-significant, * = ≥0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, see table 5.1 and 5.2 for all 

comparisons).  
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Table 5.1 for summary of immunization in B6 mice (between 6 - 12 weeks old):  

Groups Treatment Recipients  No Anti-A 6 vs. 12 weeks 

#1 Untreated WT females   4 <4    ns 

#2 Untreated WT males   5 <4 ns 

#3 Untreated CD22KO females   9 128  ** 

#4 Untreated CD22KO males   5 64  ** 

#5 Hu A-BCM  WT females   4 1024    *** 

#6 Hu A-BCM  WT males   4 1024 *** 

#7 Hu A-BCM  CD22KO females   6 8192    *** 

#8 Hu A-BCM  CD22KO males   6 4096 *** 

#9 A-Tg BCM  WT females   8 <4    ns 

#10 A-Tg BCM  WT  males   9 <4 ns 

#11 A-Tg BCM  CD22KO females   10 2048    ** 

#12 A-Tg BCM  CD22KO males   11 512 ** 

#13 Hu A-BCM + anti-CD4  WT females   5    <4    ns 

#14 Hu A-BCM + anti-CD4   WT males   5 <4 ns 

#15 Hu A-BCM + anti-CD4  CD22KO females   4    4096    ** 

#16 Hu A-BCM + anti-CD4   CD22KO males   5 2048 ** 

 Standard error of mean (Mean + SEM) of anti-A Ab titer was used in T-Test 

 ns = ≥ 0.5, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 

 

Table 5.2 of: Comparisons of group’s #  

Groups #1 # 2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 

#1  ns ** ** ***    ns    ns    

#2 ns  ** **  ***    ns    ns   

#3 ** **  ns   **    **    **  

#4 ** ** ns     **    **    ** 

#5 ***      **  ***    ***    

#6  ***      **  ***    ***   

#7   **  **   ns **  **    **  

#8    **  ** ns     **    ** 

#9 ns    ***  **   ns **  ns    

#10  ns    ***   ns   **  ns   

#11   **    **  **   ns   ns  

#12    **    **  ** ns     ns 

#13 ns    ***    ns     ns ** ** 

#14  ns    ****    ns   ns  ** ** 

#15   **    **    ns  ** **  ns 

#16    **    **    ns ** ** ns  

 Standard error of mean (Mean + SEM) of anti-A Ab titer was used in Two-way ANOVA  

 ns = ≥ 0.5, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 
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Chapter 6: 

Summary, discussion and future directions 

6.1. Overall summary 

My data (Chapter 3) showed that injection of xenogeneic Hu A-BCM (A-Ag plus foreign 

glycoproteins/glycolipids) induced abundant anti-A Ab production, similar to exposure to allogeneic A-Tg 

BCM or heart graft (A-Ag plus foreign proteins). Following CD4+ T cell depletion, stimulation of anti-A 

Ab production by xenogeneic Hu A-BCM injection was abolished, indicating that the response was CD4+ 

T cell-dependent.  

Despite comparable expression of A-Ag, syngeneic A-Tg BCM alone (without foreign proteins) did not 

induce anti-A Ab production. Mice co-injected with syngeneic A-Tg BCM and xenogeneic Hu O-BCM 

(source of foreign proteins) produced significantly lower anti-A Ab production than mice stimulated by 

xenogeneic Hu A-BCM, consistent with a requirement for a chemical linkage of foreign protein with CHO-

Ag [376, 377]. Interestingly, injection of xenogeneic Hu A-BCM 4 weeks after syngeneic A-Tg BCM 

injection induced anti-A Ab, indicating that A-Tg BCM was neither sufficiently immunogenic nor 

tolerogenic. 

My data (Chapter 4) showed that WT mice of both sexes produced increasing amounts of anti-A natural 

Abs (nAbs) with age.  In CD4, MHC-II, and αβ/γδ T cell KO mice, not only females produced significantly 

higher anti-A nAbs than KO males, but also than WT males and females. These data suggesting both sex-

linked role and CD4+ T cells role are important in production and regulation of ABO nAbs. 

Injection of xenogeneic Hu A-RBC in CD4, MHC-II, or αβ/γδ T cell KO mice did not produce additional 

anti-A Ab beyond what was already present (i.e. nAbs), indicating that CD4+ T cells were required for 
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induction of anti-A Ab, but not for spontaneous production of anti-A Ab. Furthermore, CD4KO mice 

reconstituted with WT CD4+ T cells produced anti-A Ab in response to stimulation by Hu A-BCM, 

comparable to induction of anti-A Ab produced in WT mice. Interestingly, adoptive transfer of sex-matched 

WT CD4+ T cells resulted in reduced anti-A nAbs production in CD4KO mice, indicating that the presence 

of CD4+ T cells would result in dampening the ABO nAbs production in mice. 

I showed that antibiotics treatment significantly reduced anti-A nAbs production in CD4KO mice (dramatic 

reduction in females). In WT mice, antibiotic treatment also resulted in lower induction of anti-A Ab than 

in antibiotic-untreated mice. However, both male and female germ-free mice produced anti-A/B nAbs 

without exposure to known A/B-Ags. Taken together, my findings suggested that bacterial flora could play 

role during production of ABO nAbs (as antibiotic treatment significantly reduced induction of anti-A Ab 

in WT mice) but are not absolutely required (as germ-free mice produced abundant anti-A/B Abs).  

My data (Chapter 5) demonstrated a potential role for CD22 signaling in down regulation of natural and 

induced anti-A Ab production. I found at different ages, CD22KO mice developed significantly higher anti-

A nAbs than WT mice (both sexes) and that female CD22KO mice developed significantly higher anti-A 

nAbs than male CD22KO mice at early age. 

In contrast to WT mice, injection of xenogeneic Hu A-BCM induced massive anti-A Ab in CD22KO mice 

(in both sexes), suggested an important role of CD22 signaling for the regulation of B cell response to A/B-

Ags. However, anti-A Ab was also elicited in CD22KO mice by syngeneic A-Tg BCM injection, or by 

xenogeneic Hu A-RBC with CD4+ T cell depletion, unlike WT mice. This is consistent with foreign protein 

or CD4+ T cells being not required (T-independent) for induction of anti-A Ab production in the absence 

of CD22 signaling. 
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6.2. General discussion 

6.2.1. Gut bacterial flora was not absolutely required for production of ABO nAbs 

It has generally been accepted that ABO nAbs are produced following exposure to microbial “A/B-like” 

Ags [124, 125]. For instance, anti-A Ab could be stimulated by α-D-N-galactosamine Ag determinant 

derived from influenza virus vaccination [182, 378], similar to data that showed that anti-B Ab were 

produced in chicks and humans after exposure to “B-like” Ag expressed on E. coli O86 [119, 120]. The 

“A/B-like” Ags are ubiquitously distributed in food and environment (plants, allergens of house dust, etc) 

[136, 142, 143] and therefore may play role in production of ABO Abs in humans [135-138]. However, 

the exact mechanism causing ABO nAbs production remains speculative. 

   6.2.1.1. Antibiotic treatment resulted in reduction of ABO Abs production in mice 

Spontaneous production of ABO nAbs, without apparent exposure to blood-derived A/B-Ags, prompted 

me to investigate whether bacterial flora was involved in the mechanism causing ABO Abs production in 

mice. In agreement with the hypothesis that ABO nAbs were produced following exposure to bacterial 

“A/B-like” Ags [119, 120, 130-132], I found that antibiotic administration resulted in reduced production 

of anti-A nAbs in WT and CD4KO mice. These data suggested that bacterial flora may be important for 

ABO nAbs production, but other factors, such as “A/B-like” substances in food [143, 182], could also 

have an important role during the ABO nAbs production. 

Antibiotics use in mice has major limitations, including a difficulty to eliminate all bacteria flora and 

emergence of drug resistant bacterial strains. In addition, a difference in bacterial flora composition in 

mice, such as vaginal flora in female mice, makes it difficult to interpret why female mice produced 

significantly higher ABO nAbs than males. Therefore, I overcame these hurdles by using germ-free 

housed mice and re-evaluated the exact contribution of bacterial flora in ABO nAbs production. 
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    6.2.1.2. Gut bacterial flora was not absolutely required for ABO nAbs production 

I examined serum obtained from different strains of germ-free mice housed at three different germ-free 

facilities for spontaneous development of ABO nAbs. Surprisingly, germ-free mice produced abundant 

ABO Abs, indicating that bacterial flora was not absolutely required for production of ABO nAbs in mice. 

This is unlike the common paradigm that participation of bacterial flora is required for production of ABO 

nAbs in germ-free chicks and humans [119, 120].  

The exact stimulus for spontaneous production of nAbs in general is not clear. Some studies suggested that 

B1 cell can spontaneously produce nAbs, without any known stimulation [140, 172, 208]. However, other 

studies suggested that an endogenous by-product Ags derived from normal [178, 179, 191, 192] or tumor 

tissues [144, 190] were the main stimulus for B1 cell to produce nAbs [183-189]. Moreover, some finding 

in mice also suggested that hormones [174] or substances released from ovary were further stimulated the 

production of nAbs, including anti-A nAbs [205, 206].  

Accordingly, it could be speculated that following antibiotic treatment, production of ABO nAbs was 

caused by exposure to endogenous “A/B-like” self-Ags [183-185]. This hypothesis might explain why the 

specificity of ABO nAbs produced in mice does not usually correlate with expression of “A/B-like” Ags on 

bacterial flora [132]. Moreover, this speculation might also explain that production of equal level of anti-

bacterial nAbs occurs in germ-free and conventionally housed mice [130, 131, 140]. However, this 

hypothesis is limited, because complete elimination of bacterial traces in sterile food of germ-free housed 

mice is difficult. Furthermore, I cannot rule out that production of ABO nAbs in germ-free housed mice 

was due to exposure to “A/B-like” bacterial Ags exist in the sterile food of germ-free mice. However, it 

could also be that ABO nAbs are spontaneously produced without any known stimulation (i.e. B1 cells are 

evolved to produced nAbs without any stimulations). 
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6.2.2. ABO nAbs production occurred without CD4+ T cell participation. 

         6.2.2.1. CD4KO mice developed ABO nAbs independent of CD4+ T cell participation. 

Production of nAbs is considered to be protective against bacterial infection [104-106]. I observed that WT 

mice did produce ABO nAbs over time, low Ab production in early life and widely variable in later life. 

This is consistent with spontaneous production of nAbs by B1 cell [163-166]. However, production of high 

ABO nAbs in early life (pre-bleeding age at 6 weeks old) of CD4KO mice (highest titer was in females) 

was surprising, because WT mice at comparable age did not produce such high ABO nAbs titer. 

Production of ABO nAbs without CD4+ T cell participation in CD4KO mice was consistent with a study 

concluded that induction of ABO Abs production in mice was “T-independent” [72]. However, that study 

did not evaluate whether ABO Abs were spontaneously produced (natural) or it only occurred after 

intentional sensitization by A/B-Ags [72]. My data showed that, unlike WT mice [101, 290, 291, 309] or 

CD4KO mice reconstituted by CD4+ T cells (Fig. 3.5), injection of Hu A-BCM in CD4KO mice did not 

induce anti-A Ab beyond the Abs that naturally produced, consistent with a requirement for CD4+ T cell 

participation for induction of ABO Abs production. 

    6.2.2.2. MHC-II and TCRKO mice produced ABO nAbs without any T cell participation. 

Unlike MHC-IIKO mice [364], CD4KO mice might develop MHC-II-restricted T cells that can function in 

lieu of CD4+ T cell [363]. However, my data in MHC-IIKO mice showed similar high ABO nAbs was 

produced in MHC-IIKO mice, similar to that produced in CD4KO mice. Additional results showed that in 

αβ/γδ T cell KO mice (no T cells, including γδ-intraepithelial T cells [365]), high ABO nAbs titer was also 

produced; suggesting that ABO nAbs could develop in the complete absence of T cell participation. Taken 

together, my data showed that natural production of ABO Abs were T cell-independent. This is in contrast 

to my data in chapter 3 showed that induced ABO Abs in WT mice that required CD4+ T cell participation. 
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It remains possible that in CD4, MHC-II, and TCR KO mice, the males might have class-switched their 

ABO nAbs from IgM to IgG, resulted in potentially undetectable ABO nAbs by hemagglutination assay, 

since agglutination is mainly attributed to IgM. Notably, IgM-to-IgG class switching has been shown to 

occur in the absence of CD4+ T cell help [379, 380]. Moreover, the which B cell subtype (such as B1a, 

B1b, marginal zone, or other B2 B cells) is required for production of ABO nAbs in CD4, MHC-II, and 

TCR KO mice is currently unknown and requires investigation. 

  6.2.2.3. CD4+ T cells are involved in down-regulation of ABO nAbs production. 

My demonstration that CD4 and MHC-II KO female mice developed significantly higher ABO nAbs 

compared to WT females suggested that CD4+ T cell participation might have a role related to down-

regulation of nAbs production. In agreement with this, my experiments showed that adoptive transfer of 

sex-matched WT CD4+ T cells resulted in a significantly reduced ABO nAbs production in CD4KO mice 

than the untreated mice. Thus, presence of CD4+ T cells (i.e. in WT mice) may down-regulate ABO nAbs 

production, consistent with my observations that young WT mice (similar age to CD4KO mice, at 6 weeks 

old) do not normally produce ABO nAbs (minimal titer, usually <4).  

My data are consistent with other studies showed an enhanced production of IgM nAbs following CD4+ T 

cell depletion [381]. In that study, CD4+ T cell depletion in NZB/W mouse model for autoimmune disease 

showed an enhanced production of serum IgM nAbs by unknown mechanism [381]. Similarly, α-galKO 

mice produced significantly higher anti-α-gal nAbs following T cells depletion [310], supporting that nAbs 

are down-regulated in the presence of CD4+ T cells. In humans, it was suggested that defective expression 

of CD40 ligand on CD4+ T cells impedes the IgM-to-IgG class-switching, causing hyper-IgM syndrome 

[382]. 
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6.2.3. Induction of ABO Abs production required CD4+ T cell participation. 

   6.2.3.1. Exposure to non-self A-Ag alone did not induce anti-A Ab production. 

Mice can be used as a good model to study ABO immunity and tolerance as WT mice produce ABO Abs 

following exposure to foreign A/B-Ags [101, 290, 291], but not to self Ags, such as production of Ab 

reactive to α-gal Ag [8, 9]. Studies in α-galKO mice showed that stimulation by syngeneic lymphocytes 

expressing α-gal Ag induced tolerance to subsequent stimulation by xenogeneic pig kidney membranes 

(source of α-gal Ag) [317, 344, 383]. However, I showed that WT mice injected with syngeneic A-Tg BCM 

did not develop tolerance to subsequent stimulation by xenogeneic Hu A-BCM, as the mice produced 

abundant anti-A Ab following the re-challenge by Hu A-BCM. My findings showed that syngeneic A-Tg 

BCM was not sufficiently immunogenic to stimulate abundant anti-A Ab production in WT mice, in 

contrast to stimulation by xenogeneic Hu A-BCM.  

Since these α-gal studies were conducted by adoptive transfer of viable lymphocytes expressing α-gal Ag 

into irradiated α-galKO mice and therefore there was a persistence engraftment of the lymphocytes in the 

mice [383], it is possible that injection of syngeneic A-Tg BCM (blood cell membrane Ags) did not last 

long enough in the mice, hence a persistent exposure to syngeneic A-Tg erythrocytes (intact erythrocyte 

lives longer in circulation) would induce B cell tolerance. In agreement with this possibility, our research 

group studies related to tolerance in mice [384, 385] observed that following exposure to syngeneic A-Tg 

heart graft in juvenile mice (4 weeks old), injection of xenogeneic Hu A-BCM in adulthood (8-9 weeks 

old) would not induce anti-A Ab production (tolerance to A-Ag?) [354]. In addition, exposure of neonatal 

WT mice to A-Tg erythrocytes (via i.p. injection of intact cells) resulted in development of tolerance to A-

Ag, demonstrated by lack of anti-A Ab production following re-challenge by xenogeneic Hu A-BCM 

[384]. 
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Failure of syngeneic A-Tg BCM to induce anti-A Ab production might be explained if the A-Ag expression 

was lower on A-Tg erythrocytes than on Hu A-erythrocytes. However, our lab showed a comparable 

expression levels of A-Ag on Hu A-erythrocytes and on A-Tg erythrocytes [101]. Moreover, it is also 

possible that lack of anti-A Ab production in response to stimulation by A-Tg erythrocytes might be due to 

A-Ag on A-Tg mouse being insufficiently immunogenic since the sugar structures of A-Ag were not 

identically shaped between Hu A-BCM and A-Tg BCM. However, my finding that anti-A Ab could be 

produced following stimulation of WT mice by allogeneic A-Tg blood (ie, A-Tg BALB blood injected into 

B6 WT mice) indicated that the A-Tg Ag was immunogenic, but that the immune response to A-Ag on A-

Tg erythrocytes required non-self xenogeneic or allogeneic proteins. 

        6.2.3.2. CD4+ T cell participation was required for induction of ABO Abs production. 

Mice can be induced to produce ABO Abs following intraperitoneal injection of Hu A/B-RBC [101, 290, 

291, 309]. However, my data showing that stimulation of anti-A Ab production by xenogeneic Hu A-BCM 

or allogeneic A-Tg BCM (but not by syngeneic A-Tg BCM) suggested that CD4+ T cell participation was 

recruited by the additional foreign protein Ags expressed on xenogeneic or allogeneic blood group type A 

erythrocytes. Additionally, the presence of class-switched IgG isotype Ab nonetheless suggested the 

important role of CD4+ T cell participation, although the T cell is not absolutely required for class-

switching [386, 387]. In agreement with CD4+ T cell requirement, my results showed that CD4+ T cell 

depletion abolished the formation of anti-A Ab in response to stimulation by Hu A-BCM, indicating that 

induction of ABO Abs production was CD4+ T cell-dependent. However, I cannot exclude that some 

CD4+ T cells, such as tissue resident CD4+ T cells, remained inaccessible to depleting Abs [388] and 

therefore they might have participated in induction of ABO Abs production. 
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         6.2.3.3. Induction of ABO Abs production required carbohydrates-protein linkage.   

Studies showed that strong immunity against CHO-Ags expressed in capsulated bacteria required CD4+ T 

cell participation that would be recruited by peptide in glycoconjugate vaccines [348, 349, 356, 357]. My 

finding that CD4+ T cell participation was required to induce ABO Abs production suggested that the 

presence of xenogeneic proteins expressed in Hu A-RBC played important role in development of the Abs. 

However, failure of syngeneic A-Tg BCM mixed with xenogeneic Hu O-BCM to induce high anti-A Ab 

level (similar to Ab level stimulated by xenogeneic Hu A-BCM) suggested that a conjugation of CHO with 

protein Ags was required. This suggestion is consistent with other studies showed that chemical/physical 

union of glycoconjugate vaccines was required for effective immunization [376, 377, 389, 390].   

In contrast to my results showed that production of ABO nAbs did not require CD4+ T cell participation 

(consistent with T-independent Ab production), induction of ABO Abs production appeared to depend not 

only on exposure to A-Ag but also co-engagement with foreign protein and a requirement for CD4+ T cell 

participation (consistent with T-dependent Ab production). However, there were some limitations on the 

role of CD4+ T cell participation for induction of ABO Abs production. For instance, A-Ag concentration, 

route of exposure to A-Ag, and the setting of exposure to that Ag (i.e. erythrocytes membranes vs. intact 

cells vs. organ graft) could have resulted in different outcomes. In addition, I did not explore the role of 

other antigen presenting cells (i.e. dendritic cells and macrophages) in induction of ABO Abs production. 

   6.2.3.4. Mechanisms of CD4+ T cell participation for induction of ABO Abs production. 

A possible mechanism explaining how B cells produce anti-A Ab to stimulation by allogeneic A-Tg BCM 

or graft is that it occurs due to simultaneous (or sequential?) stimulation of CD4+ T cells by the allogeneic 

protein Ags, and stimulation of B cells by A-Ag. This could be possible because in allogeneic A-Tg BCM 

or graft, the A-Ag is expressed on A-Tg blood cells (erythrocytes and leukocytes) and on graft endothelium 
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[101], whilst the protein Ags (i.e. foreign MHC and proteins) are also expressed on allogeneic leukocytes 

and on graft endothelium, respectively.  

The close proximity of A-Ag/foreign MHC could allow the B cell to first interacts with A-Ag in allogeneic 

A-Tg BCM and then to present the foreign peptides (derived from allogeneic/xenogeneic proteins) to 

CD4+ T cell (Figure 6.2.1). This CD4+ T cell-B cell interaction would be in a similar fashion to CD4+ T 

cell-B cell interaction during immune response to glycoconjugate vaccines [391]. Therefore, I suggest that 

when CHO-protein epitopes of a glycoconjugate Ags are located in close proximity (such as in Hu-BCM or 

in allogeneic A-Tg BCM and graft), CD4+ T cell would be recruited by foreign protein Ags and therefore 

CD4+ T cell participates by providing help for the B cell to produce anti-A Ab. 

An alternative mechanism on the importance of CD4+ T cell participation for induction of Ab production 

to glycoconjugate Ags is that the CHO epitope is presented on MHC-II of B cell, for the TCR, then the 

TCR would interact with the CHO epitope and subsequently respond to that CHO-epitopes in a 

glycoconjugate Ags [347, 358, 359](Figure 6.2.2). Because this model suggests a BCR recognizes the 

foreign CHO-Ag expressed in glycoconjugate Ags, I speculate that a TCR would interact and recognizes 

the A-Ag only when epitopes of allogeneic A-Tg BCM or xenogeneic Hu A-BCM are presented on MHC-

II of a CHO-specific B cell (Figure 6.2.2). 

According to this model [347, 358, 359], it could be hypothesize that a TCR in CD4+ T cell would interact 

with self A-Ag only in the presence of BCR that could interact and present that A-Ag/foreign protein 

complex. Therefore, I would speculate that in WT mice, some BCR can interact with A-Ag, process and 

present CHO-epitope of the A-Ag, to some TCR in that WT mice. Moreover, I would further speculate that 

such BCR that interacts with A-Ag is absent in A-Tg mouse, because B cell is tolerant to self A-Ag in such 
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A-Tg mouse since my data showed that the A-Tg mouse did not produce anti-A Ab in response to 

stimulation by Hu A-BCM. 

However, this model requires further validations, because 1) the research group that proposed a CHO-TCR 

interaction have also reported that some CHO-Ags (such as Ags extracted from Neisseria meningitides) 

nevertheless require a peptide-TCR interaction [392] and that 2) it is possible that other antigen presenting 

cells, such as dendritic cells and macrophages, would also present glycopeptides Ags to CD4+ T cells and 

therefore, there will be no requirement for cognate interaction between Ags presented on MHC-II of a B 

cell, with TCR of CD4+ T cell. 
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Fig. 6.2.1: Foreign peptide-TCR interaction (Model 1):  

This model suggests that A) xenogeneic Hu A-BCM fragments are endocytosed via the BCR and the 

xenogeneic protein/A-Ag complex processed in endosomes into peptides and CHO-epitopes. B) The 

peptide epitope loaded into the MHC groove would be presented to the TCR resulting in T cell optimal 

activation via TCR-pMHC and B7-CD28 interactions. C) Following CD4+ T cell activation, CD40-CD40L 

interaction and cytokine production by the activated CD4+ T cell, such as IL-4, has an important role in B 

cell activation “T-dependent Ab response” [391, 393]. Picture was made by I. Adam. 
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Fig. 6.2.2: Carbohydrate epitope-TCR interaction (Model 2):  

In this model, xenogeneic Hu A-BCM fragments are endocytosed via cognate BCRs and the xenogeneic 

protein/A-Ag complex are processed into peptides-polysaccharide epitopes. The peptide (anchored into the 

MHC groove) would allow the zwitterionic polysaccharides portion to be presented to cognate TCRs. The 

TCR binds and responds to this zwitterionic polysaccharides epitope and result in CD4+ T cell engagement 

(cytokines and CD40L) that leads to B cell activation [347, 358, 359]. Picture was made by I. Adam. 
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6.2.4. B cell CD22 modulates ABO Abs production. 

  6.2.4.1. CD22 modulates natural and induced ABO Abs production.  

Production of higher anti-A nAbs in CD22KO female mice than in males was limited to the early life 

stage, because CD22KO male and female mice older than 12 weeks old produced equivalent amount of 

anti-A nAbs (Fig. 5.1 A,C). The exact reason that young CD22KO female mice, compared to males, 

produced higher anti-A nAbs is currently unknown. My speculation is that this could be due sex-related 

hormone, hormonal receptor [174, 205], or biased CD4+CD25+FoxP3+ Tregs function [370], similar to 

my finding in CD4, MHC-II, and TCR KO female mice, or to other observations regarding nAbs 

production in general [175]. It is likely that the reason why CD22KO mice generally produce higher anti-A 

nAbs than WT mice is attributed to 1) B cell “hyper-responsiveness“ in the absence of CD22-mediated 

inhibition, and/or 2) due to B1 cell expansion in CD22KO mice (Table 1). 

In contrast to WT mice, I showed that stimulation of CD22KO mice by xenogeneic Hu A-BCM induced 

extremely high anti-A Abs that had never been reported in mice. I predict that, in addition to B cell 

“hyper-responsiveness” and/or B1 cell expansion, CD4+ T cell participation was also engaged by 

xenogeneic Ags contained in human blood. Therefore, CD4+ T cell participation would provide additional 

help for the “hyper-responsive” B cell of the CD22KO mice, leading to augmentation of anti-A Ab 

production beyond that naturally produced in the mice (Figure 6.2.3). Similar to WT mice, my data 

showed that sex did not seem to be crucial in inducing anti-A Ab production during stimulation by 

xenogeneic Hu A-BCM, because the difference in the anti-A Ab level between female and male CD22KO 

mice was due to the difference in the natural anti-A Ab level before the stimulation by Hu A-BCM. 
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       6.2.4.2. Without CD22-inhibitory effect, CD4+ T cell help was not required to induce ABO Abs. 

Syngeneic A-Tg BCM injection induced anti-A Ab in CD22KO mice, although at levels much lower than 

that induced by xenogeneic Hu A-BCM. However, my finding that syngeneic A-Tg BCM have induced 

anti-A Ab in CD22KO mice, but not in WT mice, suggested that in the absence of CD22 signaling (i.e. in 

CD22KO mice), A-Ag alone can induce anti-A Ab production without a requirement for CD4+ T cell 

participation (Figure 6.2.4), similar to previous study showed that blocking of B cell FcγR co-inhibitory 

receptor would reduce the need for T cell help [373].  However, perhaps the CD4+ T cells are required and 

they are responding to CD22 foreign peptide presented by B cell MHC-II. 

In this regard, it is noteworthy that CD4+ T cell depletion followed by Hu A-BCM injection in CD22KO 

mice induced comparable anti-A Ab production to that of syngeneic A-Tg BCM injection in the CD22KO 

mice. These results were consistent with CD22 providing an inhibitory signal for B cell during stimulation 

of the ABO Abs production in WT mice, but that inhibitory signal in the B cell of the WT mice could be 

overcome with CD4+ T cell participation/help for the B cell as have been previously suggested [373].  In 

contrast, I showed that in the absence of B cell CD22 inhibitory signaling (in CD22KO mice), induction of 

ABO Abs production by B cell did not require CD4+ T cell participation/help (T-independent). Therefore, 

CD22 plays an important role in the modulation of B cell activation/inhibition in response to stimulation by 

A/B-Ags. 

Although the use of CD22KO mice does have caveats (eg: expansion of B1 cells population), they are good 

tools to investigate the contribution of CD4+ T cells and CD22 in both natural and induced ABO Abs 

production. My data in CD22KO mice showed that B cell response to A/B-Ags involves both pathways: 1) 

T-dependent and 2) T-independent mechanisms. 
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Fig. 6.2.3: Impact of CD22 and CD4+ T cell during induction of ABO Abs production (Model 3): 

A) In a WT mouse, B cell stimulation by xenogeneic Hu A-BCM induces anti-A Ab production due to 

engagement of CD4+ T cell help that is presumably induced by foreign proteins expressed in xenogeneic 

Hu A-BCM which is known to engage CD4+ T cell. This CD4+ T cell help can overcome the inhibitory 

signals provided by CD22 molecules expressed on the B cell in WT mice. B) In CD22-deficient mouse, B 

cell is “hyper-responsiveness” to stimulation. Therefore, injection of xenogeneic Hu A-BCM induces 

“hyper” anti-A Ab production due to 1) induction of BCR signaling by A-Ag, 2) lack of CD22-inhibitory 

signaling, and 3) CD4+ T cell participation presumably induced by xenogeneic proteins in Hu A-BCM. 

Picture was made by I. Adam. 
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Fig. 6.2.4: Impact of CD22-deficiency during stimulation by syngeneic A-Tg blood (Model 4):  

A) Syngeneic A-Tg BCM expresses A-Ag that known to engage BCR, but not CD4+ T cell participation, 

due to absence of foreign protein. Therefore, injection of syngeneic A-Tg BCM does not induce anti-A Ab 

production, because CD22 expressed on B cell in WT mouse provides an inhibitory signaling that prevent 

B cell activation. B) Injection of syngeneic A-Tg BCM (no foreign protein that could recruit CD4+ T cells 

participation) induces anti-A Ab production, because of B cells “hyper-responsive” in CD22KO mouse. 

Therefore, anti-A Ab is stimulated by syngeneic A-Tg BCM without any CD4+ T cell participation. C) In 

the absence of CD4+ T cell help (by depleting CD4+ T cells), injection of Hu A-BCM in CD22KO mouse 

induces comparable anti-A Ab production to that of syngeneic A-Tg BCM, because A-Ag in A-ATg or Hu 

A-BCM would only BCR stimulated the BCR. Picture was made by I. Adam. 
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       6.2.5. Sex as biologic variable plays an important role in ABO nAbs production in mice. 

Sex is an important biological factor in immune responses in both mice and humans [284, 285] and 

recently shown that nAbs were higher produced in female than male mice [174]. My data showed that 

female mice produced higher ABO nAbs than males. Since the impact of sex in immunity and tolerance is 

becoming increasingly understood, it is crucial to analyze all data in consideration to the impacts of sex. 

        6.2.5.1. ABO nAbs were produced in CD4 and CD22KO mice with striking sex difference. 

My data showed a striking sex difference in ABO nAbs production in CD4, MHC-II, and TCR KO mice, 

with higher Abs produced in female mice compared to males, which could be attributed due to lack of 

CD4+ T cell participation. Although WT B6 mice did produce ABO nAbs over time [72, 101, 289], sex did 

not seem to play a significant role in both natural and induced ABO Abs in young WT mice, in contrast to 

CD22, CD4, MHC-II, and TCR KO mice. 

One possibility for the sex variation in ABO nAbs development is that it is due to difference in 

composition of the bacterial flora in female mice [367, 368]. Some strains of bacterial flora in female lower 

urinary tract can disrupt bacterial flora colonization in vagina [375]. Therefore, I co-housed male and 

females mice starting at birth till the end of experiments (at 10 weeks old) but I did not observe any change 

in ABO nAbs production, suggesting that the sex difference in ABO nAbs production was not due to 

difference in co-housing environment (such as food and bacterial flora). Therefore, I predict that the 

difference in ABO nAbs production was linked to the mice sex. 

      6.2.5.2. Sex hormones and/or receptors might impact ABO nAbs production in female mice.  

Although my data showed that sex of the mice is an important biological factor in ABO nAbs production in 

CD4, MHC-II, TCR and CD22 KO mice, with females producing markedly higher levels of ABO nAbs 
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than males, the exact role of sex in ABO nAbs production is currently unknown. I speculate that X-linked 

specific genes involved in females susceptibility to autoimmune disease [394], biased CD4+CD25+FoxP3+ 

regulatory T cells function [370], sex-related steroid hormone, or hormone-receptors, were deviating the 

immune response in the female mice. For instance, it was reported that estrogen can affect not only B cell 

survival and Abs production [395-397], but also immunity and tolerance [396, 398-401]. Accordingly, I 

predict that a sex-related factor(s), such as estrogen, could drive a higher ABO nAbs production in CD22, 

CD4, MHC-II, and TCR KO female mice, than in males.  

The impact of estrogen in immunity is consistent with recent data showed that female mice produce higher 

anti-E. coli nAbs during puberty, independent of exposure to E. coli. [174]. In that study, germ-free female 

mice produced higher anti-E. coli nAbs than male mice, indicating that external factor, such as exposure to 

bacterial Ags, were not important for nAbs production [174]. However, whether estrogen also participated 

in production of a higher ABO nAbs in female mice than in male is currently unknown and worth further 

investigations. 

Interestingly, an old study (published in 1977) suggested that ovarian glycolipids (GalNAc glycan-bearing 

hydrophilic ovarian glycolipids) were responsible for stimulating the anti-A Abs in female mice [205]. 

Although the study did not investigate anti-A Abs production in germ-free condition, the study observed 

that the spontaneous production of anti-A Abs increased during puberty in female mice, but not in 

ovariectomised mice [205].  Unfortunately, this group did not also exclude the impact of bacterial flora in 

the mechanism involved in production of anti-A nAbs in those ovariectomised female mice. 

Similar to CD4, MHC-II, and TCR KO mice, ABO nAbs production was higher in female CD22KO than 

male mice, suggesting that “sex-related factor(s)” may also be important player(s) in development of ABO 

Abs in CD22KO mice. However, the exact interplay between that “sex-related factor(s)” and CD22-
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mediated inhibition in not clear and requires further investigations. Interestingly, it was reported that 

estrogen produced in female mice could up regulate the expression of CD22, SHP-1, and B-cell lymphoma 

2(Bcl-2) on B cells [402]. This study suggested that CD22, SHP-1, and Bcl-2 signaling would impair B cell 

apoptosis and therefore enhances the B cell capacity to produce Abs with specificity to self-Ags [402]. 

Although estrogen might explain why CD22KO female mice produced higher ABO nAbs than WT females, 

a mechanism by which nAbs were higher produced in CD4KO females, but not in WT female mice, is 

currently unknown. 

Interestingly, the poor Ab production in CD22xSiglecgKO mice was attributed to strong B cell stimulation 

by DNP/TNP-Ficoll that would excessively stimulate B cells in the CD22xSiglecgKO mice and therefore 

would induce B cell apoptosis rather than activation and Ab production [224]. However, induction of B cell 

apoptosis by DNP/TNP-Ficoll was not reported in CD22 or Siglec-g single KO mice [249, 252-254]. 

Therefore, it is unknown whether the higher ABO nAbs produced in female CD22KO than in female WT 

mice is due decrease in B cell apoptosis caused by higher level of estrogen in the CD22KO mice.  

6.3. Overall conclusions 

6.3.1. The impact of CD4+ T cell participation in induction of ABO Abs production. 

In Chapter 3 I investigated the role of CD4+ T cell participation in induction of ABO Abs production, 

with the overall aim to gain a better understanding of the mechanisms of induced ABO Abs production. I 

showed that exposure to non-self A-Ag in the context of self-protein was insufficient to induce anti-A Ab 

production. This is consistent with induction of ABO Abs depends not only on exposure to the foreign 

A/B-Ags, but requires a co-engagement with non-self protein and CD4+ T cell participation.  
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6.3.2. The role sex, CD4+ T cell, and bacterial flora in ABO nAbs production. 

My results in Chapter 4 showed that ABO nAbs could develop in the absence of CD4+ T cell 

participation, in contrast to induced ABO Abs production, suggesting that both T-dependent and T-

independent immune mechanisms were involved in ABO Abs production. Production of dramatically 

increased anti-A nAbs in CD4, MHC-II, and TCR KO female mice than males, and in CD4, MHC-II, and 

TCR KO mice than WT, indicated that a sex-linked factor(s) and absence of CD4+ T cell participation, 

respectively, were involved in regulation of ABO nAbs production. I showed that CD4+ T cells were 

involved in down-regulation of ABO nAbs production in CD4KO mice by unknown mechanism(s). 

Studying ABO nAbs development is important, because the ABO nAbs pose high risk of hyper-acute 

rejection of transplants from ABOi-donors [82, 89]. Early studies showed that production of ABO nAbs 

required a purposeful administration of E. coli [119]. However, my data showed that there might be a 

small role for bacterial flora in modulation the production of ABO Abs, suggested by a reduction of ABO 

nAbs following antibiotic treatment. However unlike the common paradigm [119, 120], my findings 

indicated that bacterial flora was not absolutely required for production of ABO nAbs.  

6.3.3. The impact of Siglecs in modulation ABO Abs production. 

The impact of CD22 [224, 252-259] and Siglec-g [224, 249, 250] on anti-CHO Abs production was 

controversial. In Chapter 5 I explored the role of Siglecs in natural and induced ABO Abs production, 

using naturally occurring CHO-Ags (A/B-Ags). I showed that CD22KO mice produced significantly 

higher ABO nAbs than WT mice and that sex of CD22KO mice played a significant role in ABO nAbs 

production. Unlike WT mice, production of anti-A Ab following injection of CD22KO mice with Hu A-

BCM did not require foreign protein or CD4+ T cell participation; consistent with induction of ABO Abs 

being T-independent in the absence of CD22 inhibitory signaling.  
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Overall, my findings are consistent with ABO Abs production in response to stimulation by A/B-Ags (but 

other naturally-occurring CHO-Ags, such as α-gal Ag, are unknown) involved both T-dependent and T-

independent pathways/mechanisms, and that A) induced ABO Abs production requires CD4+ T cell 

participation (T-dependent pathway), B) spontaneous production of ABO Abs does not require CD4+ T 

cell participation (T-independent pathway), and C) production of ABO Abs in the absence of CD22-

mediated inhibition does not require CD4+ T cell help, but CD4+ T cell participation/help results in more 

ABO Abs (both T-dependent and T-independent pathways). D) In CD4, MHCII, TCR, and CD22 KO mice, 

females produced significantly higher ABO nAbs than males and compared to WT females and therefore 

the impact of sex as a biologic variable in ABO Abs (and other nAbs) production should be further studied. 

6.4. Future directions 

6.4.1. CD4+ T cell participation in induction of
 
ABO Abs production 

Abundant data have shown that high affinity and long-lasting Ab production against CHO-Ags expressed 

on encapsulated bacteria requires CD4+ T cell participation and that the T cell participation could be 

recruited by foreign protein Ag in glycoconjugate vaccines [348, 349, 356, 357]. Accordingly, in my 

studies it is possibly that xenogeneic Hu A-BCM would provide sufficient stimulation for B cell and CD4+ 

T cell engagement, due to expression of A-Ag and foreign proteins, respectively (Figure 6.2.1). However, 

the alternative explanation for the role of CD4+ T cell participation in inducing an immune response to Hu 

A-BCM could be via interaction of TCR with CHO-Ag [347, 358, 359](Figure 6.2.2). Therefore, future 

studies should investigate whether A/B-Ags are presented on MHC-II on B cell so that TCR on CD4+ T 

cell can directly interact with the presented A/B-Ags and results in ABO Abs production. 

Related to mechanisms of induced ABO Abs production, marginal zone B cells were shown to be recruited 

and activated during CHO-Ags entrance into blood circulation [196]. In my studies, I did not investigate 
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which antigen presenting cells (i.e. macrophage, dendritic cell) or B cell subset (B1a, B1b, or marginal 

zone B cells) in mice are required for production of ABO Abs. Therefore, future studies could investigate 

which B cells subset and/or antigen presenting cells are involved in natural and induced ABO Abs 

production. 

6.4.2. ABO nAbs production in the absence of CD4+ T cell participation. 

Production of ABO nAbs in CD4, MHC-II, and TCR KO mice is consistent with spontaneous production of 

nAbs by B1 cell [163-166]. However, the distinction between nAbs produced without exposure to A/B-

Ags, from that developed following immunization of WT mice with Hu A/B-BCM, is unknown. Our newly 

developed ABH glycan microarray (A/B subtype Ags) could be very useful for characterization of natural 

vs. induced ABO Abs. 

Although hemagglutination assays using reagent RBC is clinically relevant and useful for detection of 

ABO Abs (mainly IgM Abs), a major limitation is the limited ability to detect IgG Ab isotypes (without 

special treatment by dithiothreitol [403]). Future plans are to use the ABH glycan microarray to study the 

fine-specificity of isotypes of ABO Abs reacting with ABH-subtype Ags. 

A significant drop in anti-A nAb titer following reconstitution of CD4KO mice by sex-matched WT CD4+ 

T cells suggested that CD4+ T cells were down-regulating the production of ABO nAbs. However, the 

mechanism by which this down-regulation occurred requires further investigations. Future studies should 

examine whether CD25+FoxP3+ regulatory T cells would down-regulate nAbs, including ABO nAbs. 

6.4.3. Participation of gut bacterial flora in ABO Abs production. 

I found that gut bacterial flora played important role in ABO Abs production, by demonstrating that 

antibiotic treatment in mice resulted in reduction of both natural and induced anti-A Ab production. 
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However, my finding that germ-free mice produced ABO nAbs opened future directions to explore 

whether B cells spontaneously produce ABO nAbs in complete absence of A/B-Ags, similar to other nAbs 

in mice [140, 172, 208], or whether unknown “endogenous” Ag was required to induce ABO Abs 

production. Beyond the scope of this thesis, I’m planning to study 1) the kinetic of natural and induced 

ABO Abs production in germ-free condition; and 2) the contribution of different species of bacterial flora 

in ABO nAbs production (i.e. Lactobacillus, E. coli).  

6.4.4. Siglecs and modulation of ABO Abs production. 

This was the first study to investigate the role of B cell Siglecs on ABO Abs production (using CD22KO 

mice). However, my data did not investigate whether production of  higher ABO nAbs in CD22KO mice 

than WT was due to B cell “hyper-responsiveness” to CHO-Ags [252-254], and/or due to expansion of B1 

cell population [249, 250]. Therefore, future experiments should examine the exact contribution of B1 cell 

expansion and/or B cell “hyper-responsiveness” in ABO Abs production. 

6.4.5. Impact of sex as biologic variable in ABO nAbs production. 

I showed that CD4. MHC-II, TCR and CD22-deficient female mice produced markedly higher ABO nAbs 

than male counterparts. Some of sex-related differences that could impact immunity in females are X-

linked specific genes [394]. Other differences could be sex hormones, and/or hormone receptors that have 

been shown to impact B cell survival and Abs production [174, 395-397]. Therefore, future experiments 

should examine whether exposure to female hormones (such as estrogen) would induce ABO nAbs in male 

mice.  

Among these experiments are the use of steroid hormones and/or hormones receptor antagonist [404] as 

well as ovariectomised mice [405]. Although these experiments could possible reveal the impact sex 

hormones in ABO nAbs production, the interpretation of these experiments could be challenging, because 
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they might require a demonstration of the mechanism by which hormones and/or hormone receptors could 

impact B cell survival and ABO nAbs production. Moreover, future experiments should tease out the 

mechanisms/pathways involved in induction of ABO Abs production by intentional stimulation by A/B-

Ags from that involved in natural production of ABO Abs or that induced by exposure to sex hormones. 

6.5. Concluding remark. 

ABOi organ Tx has expanded the potential donor pool and therefore has saved many lives [2, 3, 406, 407]. 

To optimize safe ABOi organ Tx, it is paramount to understand how natural and induced ABO Abs are 

developed. This study is anticipated to help us to develop strategies to manage and expand ABOi organ Tx 

and therefore to improve the lives of transplant recipients. Moreover, understanding how B cells respond to 

CHO-Ags will open new avenues, not only to develop vaccines that can stimulate immunity against 

infection, but also to boost immunity against tumor-associated carbohydrate antigens. 
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