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Abstract 

Title of Dissertation: The evolution of B cell selection and affinity maturation in 

cartilaginous fishes 

Hanover C. Matz, Doctor of Philosophy, 2022 

Dissertation Directed by: Helen Dooley, Ph.D., Assistant Professor, Department of 

Microbiology and Immunology, University of Maryland, Baltimore, Institute of Marine 

and Environmental Technology 

 

 Affinity maturation of the B cell immunoglobulin (Ig) repertoire occurs through 

coordinated somatic hypermutation (SHM) and Darwinian selection of clones in 

specialized microanatomical structures known as germinal centers (GCs). GCs have only 

been identified in the endothermic vertebrates, and so it was long presumed that the antigen 

(Ag)-specific Ig responses of ectothermic vertebrate lineages were “primitive”. However, 

affinity maturation and immunological memory have subsequently been demonstrated for 

the oldest extant vertebrate class with Ig-based adaptive immunity, the cartilaginous fishes 

(Chondrichthyes). In this dissertation, I investigated the cellular model of B cell selection 

in the nurse shark (Ginglymostoma cirratum) spleen and determined how it influences the 

dynamics of the Ig repertoire. I found that shark splenic B cell follicles possess many 

functional analogs of mammalian GCs: (1) segregation of SHM and selection regions by 

CXCR4/CXCR5 expression in B cells, (2) functional T follicular helper-like cells, (3) 

presentation of nondegraded Ag, and (4) Ag-driven selection of mutated Ig clones. I also 

demonstrated that the transcription factor BCL6 likely regulates the shark B cell response. 

Through a long-term immunization study, I demonstrated that this selection model can 



generate IgNAR repertoires that are both diverse and of high affinity. In multiple animals 

immunized by the same methods, I observed uncoupling of the T-dependent isotypes, 

IgNAR and monomeric IgM. Sharks that produced robust IgNAR titers matured their 

polyclonal repertoires to subnanomolar binding affinities and generated a diverse pool of 

memory clones. Together, this suggests that B cell selection in cartilaginous fishes evolved 

to support both affinity maturation and Ig repertoire diversification, possibly utilizing SHM 

to anticipate future pathogen variants. Finally, I developed a method of magnetic 

nanoparticle enrichment to isolate Ag-specific B cell clones directly from the peripheral 

blood of sharks. Overall, the data presented in this dissertation indicate that all the 

fundamental components of B cell selection were present at the advent of adaptive 

immunity in jawed vertebrates. Furthermore, these components were capable of affinity 

maturation of the B cell repertoire without sacrificing receptor diversity. My findings have 

many implications for our understanding of the evolution of the B cell response in 

vertebrate lineages. 
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Chapter 1: Introduction  

1.1. Humoral immunity and B cells 

The immune system has evolved to protect host organisms against an ever-changing 

universe of harmful pathogens. Immunity can be divided into innate and adaptive defenses. 

The innate immune system is grounded on germline-encoded pattern recognition receptors 

(PRRs) which recognize conserved pathogen associated molecular patterns (PAMPs) and 

defends in a rapid, nonspecific fashion [reviewed in refs. 1, 2], while the adaptive immune 

system relies on somatically rearranged receptors that can anticipate a potentially unlimited 

array of pathogen epitopes and respond in a delayed but highly specific fashion via clonal 

selection [reviewed in ref. 3]. The adaptive immune system can also produce 

immunological memory, characterized by faster response times after secondary exposure 

to the same pathogen, that can protect over the lifetime of an organism [4]. Classically, 

adaptive immunity can be subdivided into cellular immunity, mediated by T cells and the 

T cell receptor (TCR) [5], and humoral immunity mediated by B cells and the membrane-

bound B cell receptor (BCR) [6]. The major portion of the BCR that recognizes pathogens 

is the immunoglobulin (Ig). In their secreted form, Igs were originally termed antibodies 

(Abs) by their discoverer, Paul Ehrlich [7, 8], due to their ability to bind antigens (Ags), 

any molecule which triggers an immune response. Conventional Igs are Y-shaped 

molecules that consist of a heterodimer between heavy (H) and light (L) chains (Figure 

1.1); their “fragment Ag binding” (Fab) region dictates their Ag-binding specificity, and 

their “fragment crystallizable” (Fc) region dictates their downstream effector functions [9-

11]. It is through the production of secreted Abs that B cells are able to provide protective 

humoral immunity. 
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Figure 1.1. Conventional mammalian immunoglobulin (Ig) assembled by V(D)J recombination.  

 

V(D)J recombination assembles functional Igs in developing B cells through the rearrangement of V, (D), 

and J gene segments in the genome. Mediated by the recombinase enzymes RAG1 and RAG2, the process 

excises intervening DNA segments and ligates a single V, D, and J segment to form a functional H chain 

variable domain gene and single V and J segment to form a functional L chain variable domain gene. These 

genes lie upstream of the C domain genes that dictate the isotype of the expressed Ig. Once translated, the 

proteins expressed by these genes form a Y-shaped heterodimer composed of two complete H chains and L 

chains. The V domains of these chains comprise the portion of the Fab region that binds the epitope of a 

target antigen. The lower portion of the H chains comprise the Fc region of the Ab, directing downstream 

effector function. Thus, the diversity generating mechanism of V(D)J recombination, acting on the genetic 

material present in every developing B cell, determines the epitope the Abs produced by a single B cell clone 

will bind, allowing the immune system to generate a myriad of different Abs to combat the universe of 

pathogens. 
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 The anticipatory power of humoral adaptive immunity is derived from the 

generation of diversity by V(D)J recombination [12, 13]. Each arm of the Ig Fab region 

contains a variable (V) domain that directs Ag binding via a “lock-and-key” mechanism. 

A functional V domain is formed by somatic recombination in the genome of variable (V), 

diversity (D), and joining (J) gene segments in the case of H chain, or V and J gene 

segments for L chain (see Figure 1.1), mediated by the recombination activating genes, 

RAG1 and RAG2 [14, 15]. The selection and fusion of a single V, (D), and J segment out 

of a multitude of combinations, coupled with the introduction of P-nucleotides, due to 

asymmetrical cleavage of DNA hairpins during the recombination mechanism [16], and N-

nucleotides, inserted by terminal deoxynucleotidyl transferase (TdT) [17-19], results in 

each functional Ig expressing a unique peptide sequence in its V domain. Diversity is 

concentrated in the three complementarity determining regions (CDRs) of the V domain 

[20], particularly CDR3 that is formed at the junction of the V(D)J segments [21] and 

targeted for N-nucleotide addition by TdT [19]. It is the CDRs that primarily determine the 

specific epitope that an Ab binds [22, 23]. V(D)J recombination occurs in each B cell that 

develops in the bone marrow of mice and humans [24, 25], resulting in a pool of mature, 

naïve B cells, each expressing a unique BCR on their surface, that can potentially target 

any pathogen that may infect an organism over the course of its lifetime.  
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1.2. The B cell response in mammals  

Primary lymphoid organs (PLOs) are those that support lymphocyte development, 

while secondary lymphoid organs (SLOs) provide sites for organized cognate interactions 

of naïve B and T cells with Ag to mount immune responses.  In mammals, the PLOs are 

the bone marrow and thymus for B cell and T cell development, respectively. In mice, there 

are three distinct lineages of B cells: B1 cells, marginal zone (MZ) B cells, and B2 or 

follicular (FO) B cells [26, 27]. MZ and B2 cells arise from common lymphoid progenitors 

in the bone marrow [28]; after maturing, they transition to the SLOs, such as the spleen 

and lymph nodes, where they reside in the B cell follicles [29, 30]. MZ B cells are so named 

because they take up residence in the marginal zone surrounding the follicles of the spleen 

[31], acting as both a first line of defense as they screen for blood-borne Ags and shuttling 

Ag into the follicles for presentation to B2 cells [32-34]. B2 cells are the primary mediators 

of classical B cell responses, with naïve cells requiring contact with Ag to receive signals 

to activate and proliferate. B1 cells, in contrast to MZ and B2 cells, arise early in 

development from the fetal liver [35, 36] as well as the bone marrow, and take up residence 

in the peritoneal and pleural cavities [37]. B1 cells have a more restricted V(D)J repertoire 

than MZ and B2 cells [38], with few N-nucleotide additions, are a self-renewing 

population, and can spontaneously secrete Abs [39]. The properties of mouse B cell subsets 

are summarized in Table 1.1. The major functional contrast between B1/MZ B cells and 

B2 cells is their role in T cell-independent versus T cell-dependent responses. 
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Table 1.1. Mammalian B cell subsets. 

 

B cell subsets as they have been identified in the mouse model system. B1 and MZ B cells exhibit less diverse 

Ig repertoires, and primarily respond in a T-independent fashion. MZ B cells home to the spleen, while B1 

cells, arising early in development, take up residence in the peritoneal and pleural cavities. B2 cells, in 

contrast, exhibit a diverse Ig repertoire and are found in the follicles of the spleen, lymph nodes, and Peyer’s 

patches of the gut. They primarily participate in T-dependent immune responses and are responsible for the 

canonical adaptive immune humoral response.  
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T-independent responses are B cell responses that do not require help from CD4 T cells 

to activate B cell clones and are primarily produced by B1 and MZ B cells [40]. T-

independent Ags that stimulate these responses often consist of repetitive epitopes, such as 

bacterial polysaccharides, that are excellent BCR crosslinkers [41], but can also be Ags 

such as lipopolysaccharides from Gram-negative bacteria that stimulate B cells to 

proliferate via PRRs [32]. T-independent responses are generally characterized as 

polyclonal, low affinity responses that do not produce immunological memory, but 

nevertheless provide effective early protection while conventional T-dependent responses 

begin to develop. 

T-dependent responses require T cell help and are primarily produced by B2 cells 

residing in the follicles of SLOs. Naïve B2 cell clones, each expressing a unique BCR, 

screen Ag as it traffics into the draining lymph nodes and spleen via the lymph and blood, 

respectively. When a B cell clone binds Ag via its BCR, the BCRs begin to organize into 

microclusters [42], producing downstream signals that result in internalization of the BCR-

Ag complex. Ag can then be processed into linear peptides for presentation on major 

histocompatibility complex (MHC) class II, which is then recognized by Ag-specific CD4 

T helper cells via the TCR [43]. B cells presenting Ag will migrate to the borders of the B 

cell and T cell zones to receive T cell help [44]. How effectively a B cell clone competes 

for T cell help with other clones is directly related to BCR affinity, rate of Ag uptake, and 

peptide-MHC surface density [45], with those clones that can most effectively take up and 

present Ag receiving the most “help”. In the context of a B cell response, “help” is co-

stimulation from CD40L on the T cell interacting with CD40 on the B cell, resulting in 

activation and proliferation signals [46, 47]. Further cytokine signals from the T helper cell 
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can direct the B cell to undergo class switch recombination (CSR) [the mechanism of which 

is reviewed in ref. 48]. The unique V domain of each Ig lies upstream of several constant 

(C) domains in the genome that code for distinct Ig isotypes with different effector 

functions. In humans and mice, naïve B2 cells express IgM (µ C domain) and IgD (δ C 

domain) on their surface; production of these isotypes is normally controlled by alternative 

splicing at the RNA level [49]. However, after receiving co-stimulation and cytokine 

signals to direct CSR, a B cell clone can class switch by joining its V domain gene to a 

downstream IgG (γ C domains), IgA (α C domains), or IgE (ε C domains) Fc, depending 

on the nature of the invading pathogen. In contrast to FO B cell/T-dependent responses, 

B1/T-independent responses do not normally lead to CSR; thus, most T-independent 

responses produce IgM [50]. Through T cell help and CSR, the Ag-binding properties of 

the unique B cell clone can be tailored to the necessary type of immune response for 

pathogen clearance.  

After binding Ag and receiving T cell help, there are two possible effector fates for a 

FO B cell clone. One potential outcome is for the B cell to immediately proliferate, 

producing daughter cells with identical BCRs. This proliferation leads to clonal expansion 

of the initially rare clone that can bind the Ag of interest. More importantly, these clones 

can then go on to differentiate into plasmablasts (PBs) to eventually become short-lived 

plasma cells (SLPCs). Differentiation to the PC fate is controlled by the master 

transcription factors Blimp-1 and IRF4 [51, 52]. In the process of differentiating to SLPCs, 

B cells downregulate all surface BCRs, migrate to the extrafollicular space, and finally 

produce large amounts of secreted Ig. These cells that commit to the SLPC fate will rapidly 

generate Abs for circulation, but they will ultimately die by apoptosis within 3-5 days [53]. 
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Thus, while these PCs produce a first wave of protective Abs, they are not sufficient for 

maintaining long-term pathogen defenses. 

The alternative outcome for an activated FO B cell clone is to begin to form a germinal 

center (GC) within the B cell follicle [54, 55]. GCs are the primary site of somatic 

hypermutation (SHM) and Ag selection in the SLOs and facilitate affinity maturation of 

the B cell repertoire during an immune response [reviewed in refs. 56, 57]. GCs also 

produce memory B cells (MBCs) and long-lived plasma cells (LLPCs) for long-term 

immunological protection. 

1.3. The germinal center reaction 

Whether a B cell clone is selected for GC formation or PC differentiation appears to 

be, in part, determined by BCR affinity. Those clones which express high affinity receptors 

tend to be biased towards the PC fate, while clones with lower affinity receptors favor GC 

formation [58, 59]. Of the clones which compete for T cell help/GC entry, those with higher 

affinity receptors tend to win out as they can more efficiently collect and present Ag to 

CD4 T cells due to increased peptide-MHC surface density [45]. 

B cells that receive signals to form a GC will begin to rapidly divide and proliferate 

within the B cell follicle [60]. GCs begin to form 1-2 days after immunization and can be 

visually identified by microscopic methods based on the density of proliferating B cells 

[54]. Within the GC, two significant processes occur that contribute to shaping the humoral 

response: somatic hypermutation (SHM) and Darwinian selection of B cell clones that can 

bind Ag. The specialized structure of the GC facilitates both of these processes. A GC can 

be divided into two distinct zones or poles: the dark zone (DZ) and the light zone (LZ) 

[61]. The DZ contains B cells known as centroblasts; these cells undergo rapid division 
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and proliferation within the DZ [55]. The LZ contains B cells known as centrocytes; these 

cells undergo selection on Ag presented by unique Ag presenting cells (APCs) known as 

follicular dendritic cells (FDCs) and receive T cell help. The division between these two 

zones is established by a chemokine gradient that directs cell migration. Cells migrating to 

the DZ express the chemokine receptor CXCR4 on their surface, which binds the 

chemokine CXCL12 produced by stromal reticular cells, while cells migrating to the LZ 

express the chemokine receptor CXCR5, which binds CXCL13 produced by FDCs [62]. 

This chemokine gradient of CXCL12/CXCL13 and alternating surface receptor expression 

of CXCR4/CXCR5 allows B cell clones participating in the GC reaction to dynamically 

move between the DZ/LZ as they undergo iterative rounds of proliferation/SHM and Ag 

selection [63]. 

Within the DZ, dividing cells mutate their BCRs via SHM. SHM is mediated by 

activation-induced cytidine deaminase enzyme (AID or AICDA)  [64, 65]. AID is a 

member of the apolipoprotein B mRNA editing catalytic polypeptide-like (APOBEC) 

family of enzymes. It is targeted to single stranded DNA during RNA transcription where 

it deaminates cytosine to uracil, converting a C:G pairing to a U:G mismatch  [66-68]. This 

mismatch can be copied over in the genome during replication, or it can be recognized by 

the mismatch repair or base-excision repair machinery of the cell, resulting in alterations 

to the sequences of the Ig H chain and L chain genes of the B cell clone in which AID is 

expressed [69, 70]. AID specifically targets RGYW DNA hotspot motifs in the Ig genes 

for mutation (R = G or A, Y = T or C, W = A or T), which are enriched in the CDRs but 

have decreased frequency in the framework regions (FRs) of Ig V domain genes [71, 72]. 

As AID is preferentially targeted to the CDRs to introduce mutations, and replacement 
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mutations are more tolerated in the CDRs that direct Ag-binding over the FRs that maintain 

structural stability of the V domain, the result is an accumulation of replacement over silent 

mutations (R/S) in the Ag-binding sites of the Ig genes [20]. With repetitive rounds of 

mutation and clonal expansion, AID-introduced mutations alter the diversity and binding 

affinities of the B cell clones participating in the GC reaction. However, introduction of 

mutations and proliferation in the DZ are only half of how the GC shapes the B cell 

response. 

B cells can migrate from the DZ to the LZ as they alter their phenotype from 

centroblasts to centrocytes [63]. Current data demonstrates that the division between 

DZ/LZ cells is more of a continuum than distinct phenotypes [73]. Within the LZ, selection 

of B cell clones on intact Ag occurs due to presentation of Ag by specialized APCs, the 

FDCs [74, 75]. Unlike conventional dendritic cells (cDCs) that originate from 

hematopoietic stem cells in the bone marrow, FDCs have stromal origins [76] and play a 

key role in the development and maintenance of SLOs. They produce CXCL13 to attract 

CXCR5+ B cells to establish follicles during development [77, 78]. B cells, in turn, 

stimulate the development of FDCs by producing lymphotoxins (LTs) and tumor necrosis 

factor (TNF) [79, 80]. Unlike cDCs that typically process and degrade proteinaceous Ag 

in phagolysosomes to linear peptides before presenting these on MHC to T cells, FDCs are 

capable of collecting and presenting Ag with minimal degradation [75, 81]. This helps 

preserve the complex, 3-dimensional epitopes that BCRs are capable of recognizing. FDCs 

primarily present Ag in the form of immune complexes by capturing Ag bound to Abs and 

complement via Fc receptors and complement receptors, respectively [81]. Thus, 
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throughout the GC reaction, FDCs act as a source of intact Ag for B cells to “test” the 

binding affinity of their receptors. 

As B cell clones accumulate mutations in the DZ and subsequently test their mutated 

BCRs against Ag presented by FDCs in the LZ, those cells which have mutated to increased 

binding affinities are positively selected [82, 83]. Selection occurs through a Darwinian 

process, whereby clones with higher binding affinities outcompete lower binding clones 

for Ag, T cell help, and survival signals [63, 84]. Those clones with higher affinity 

receptors can more effectively extract Ag from the surface of FDCs in a mechanosensory 

process [85, 86]; extracted Ag can then be processed and presented to T helper cells. In the 

follicles and GCs, specialized CD4 T helper cells known as T follicular helper (Tfh) cells 

facilitate the limiting selection of B cell clones [87]. Tfh cells provide co-stimulation as 

described in T-dependent B cell responses via CD40-CD40L interactions. Their 

differentiation is stimulated by interleukin-6 (IL-6) [88] and controlled by the lineage-

defining transcription factor B cell lymphoma 6 (BCL6) [89-91]. They also express distinct 

surface markers such as CXCR5, PD-1, and ICOS [92, 93]. Most importantly, Tfh cells 

produce the cytokine IL-21 [94]. IL-21 acts as a potent stimulator for growth and 

proliferation in GC B cells, and also induces CSR and Ig secretion [95]. Additionally, Tfh 

cells express IL-4, a cytokine which can also stimulate activated B cells [96]. Thus, by 

acting as a limited source of both stimulating cytokines and cognate T cell help interactions, 

in conjunction with Ag presentation by FDCs, Tfh cells facilitate the Darwinian selection 

of B cell clones in the LZ of the GC. 

B cell clones that participate in the GC reaction can undergo iterative rounds of 

selection on Ag in the LZ and proliferation/SHM in the DZ, migrating back and forth in a 
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chemokine-dependent fashion [62, 63]. Over the course of the response, this results in 

expansion and diversification of clonal lineages and, as higher and higher affinity clones 

develop and are selected, an increase in the average affinity of the Ab response. Such 

affinity maturation is evident when comparing primary and secondary responses to Ags 

after repeated immunizations in humans [97]. A schematic of the germinal center process 

is presented in Figure 1.2.  
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Figure 1.2. The mammalian germinal center reaction. 

 

In a typical germinal center reaction, a B cell will become activated after binding its cognate antigen and 

receiving help from a CD4 T helper cell. The activated B cell will begin to form a germinal center by actively 

proliferating. This leads to a polarization of the germinal center into two poles or zones: a dark zone and a 

light zone. Within the dark zone, B cells undergo proliferation and somatic hypermutation (SHM) of their B 

cell receptors, diversifying and potentially increasing the affinity of the receptor repertoire. B cells will then 

migrate to the light zone to be selected against intact antigen presented on the surface of follicular dendritic 

cells which retain antigen in the form of immune complexes. Daughter B cell clones which can bind antigen 

(particularly those with increasing affinity) will receive T cell help, while clones with reduced or lack of 

binding to antigen will be eliminated by apoptosis. Selected B cells can return to the dark zone to undergo 

further proliferation and SHM. The dark zone/light zone axis is maintained by a chemokine gradient, with 

CXCL12 directing CXCR4 expressing B cells to the dark zone, and CXCL13 directing CXCR5 expressing 

B cells to the light zone. Ultimately, B cells that exit the germinal center reaction can differentiate into long 

lived plasma cells or memory B cells, both of which provide long term protective immunity to the host. 
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Affinity maturation is just one functional output of the GC reaction. GCs also 

contribute to establishing long term immunological memory. B cell clones that exit the GC 

can commit to two possible fates: long-lived plasma cells (LLPCs) or memory B cells 

(MBCs). Distinct transcription factors control GC B cell differentiation and PC fate in a 

reciprocal fashion (Figure 1.3). GC B cell differentiation is controlled by the master 

transcription factor BCL6; naïve B cells produce BCL6 mRNA transcript, but translation 

to BCL6 protein is only upregulated once activated B cell clones differentiate into GC B 

cells [98, 99]. This upregulation is partially induced by the transcription factor IRF8 [100]; 

once expressed, BCL6 protein is transported to the nucleus where it recruits corepressors 

to modulate gene expression in GC B cells [101-104]. BCL6 plays two major roles in 

regulating GC B cells: (1) it suppresses premature activation and differentiation of B cells 

by modulating genes associated with BCR and CD40 signaling [105-107], as well as 

repressing genes required for PC differentiation [108] and (2) it modulates apoptosis and 

promotes tolerance to DNA damage to facilitate SHM and CSR in B cells [107, 109, 110]. 

The first function retains B cells in the GC until they receive sufficiently strong signals 

from their BCR to exit the GC reaction; the second ensures that B cells in the DZ can 

tolerate DNA mutations. A combination of BCR and CD40 signaling leads to IRF4-

mediated repression of BCL6 [111, 112], allowing B cells to exit the GC reaction. B cells 

that commit to the PC fate upregulate transcription factors Blimp-1 and IRF4 [51, 52]. 

These transcription factors negatively regulate BCL6 [112, 113], and as the B cell 

transitions it will exit the follicle and migrate to the bone marrow [114]. Cells that fully 

commit to the LLPC fate will occupy distinct niches in the bone marrow where they are 

supported by cytokines such as APRIL (a proliferation-inducing ligand) [115, 116]. These 
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long-lived cells produce high affinity Abs, possibly for the entire lifetime of the host, that 

enter circulation and protect against future infections [117]. 
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Figure 1.3. BCL6 regulation of the germinal center reaction and plasma cell fate. 

 

Naïve B cells express BCL6 mRNA transcript. Activation and entrance into the germinal center reaction 

results in upregulation of BCL6 protein in B cells. BCL6 maintains B cells in the germinal center reaction by 

repressing expression of the transcription factors IRF4 and Blimp-1. Sufficient signaling from the B cell 

receptor and CD40 results in IRF4-mediated repression of BCL6. This allows late germinal center B cells to 

exit the reaction and ultimately differentiate into plasma cells, which are regulated by Blimp-1.  
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The other arm of B cell immunological memory comes from MBCs. Unlike LLPCs, 

which can no longer participate in future GC reactions, MBCs persist in circulation and 

SLOs after a primary response. MBCs emerge in the early phases of the GC response [118], 

and exhibit lower levels of SHM and affinity relative to PCs. They are capable of engaging 

soluble Ag upon secondary infection and rapidly differentiate to PCs to provide faster 

protection than the original primary response [119]. Alternatively, MBCs can re-enter 

secondary GCs to continue SHM of their Ig genes. Acting as a reserve of Ag-experienced 

cells, MBCs can potentially counter pathogens that mutate and escape the neutralizing Abs 

produced in the primary response. The degree to which MBCs participate in secondary 

GCs versus Ag-inexperienced, naïve B cells is currently a point of debate. However, 

evidence suggests GC engagement by MBCs may be dependent on heterologous Ag 

boosting [120, 121]. Regardless, MBCs and LLPCs both provide long lasting immunity 

against future infections as a result of productive GC reactions. 

1.4. The germinal center reaction and the B cell repertoire 

It took many decades after the initial discovery that antibody repertoires affinity mature 

over the course of immunization, and even over 100 years from the first description of 

GCs, to prove definitively that B cells undergo iterative rounds of mutation, proliferation, 

and selection [63, 84], but these dynamics have long been suggested as the basis for affinity 

maturation. Thus, the teleological understanding of GCs has been widely held as directing 

the B cell repertoire towards a pauciclonal or monoclonal response with increasing affinity 

over time. The earlier studies suggested that only a few “founder” B cell clones initially 

seed GCs [55, 122], and over the course of the immune response positive selection of 

clones homogenizes GCs to low diversity [54], favoring intraclonal competition as 
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mutations accumulate in only a few clonal lineages of high affinity [123]. However, 

assumptions about the evolutionary significance of affinity maturation, the GC reaction, 

and their roles in shaping the B cell repertoire have been called into question. 

Discrepancies can be found in the role of affinity maturation in establishing protective 

immunity [124]. It has been demonstrated that high avidity clones can be produced from 

the germline primary repertoire [125, 126], and further affinity maturation is not 

necessarily required for effective immune protection, as in the case of virus neutralization 

[126, 127]. Furthermore, there is a “ceiling” of affinity that can be effectively achieved in 

vivo [127, 128]. While in vitro experiments have demonstrated significantly high binding 

affinities of Igs can be achieved with successive rounds of mutation [129, 130], there does 

appear to be a limit to affinity maturation [128], beyond which there are few increased in 

vivo benefits for the B cell in terms of Ag binding or which the system of B cell selection 

can discriminate [131]. Evidence also suggests that low affinity B cell clones are just as 

capable of producing T-dependent immune responses [132]. Effectively, past a certain 

level of affinity, an increase in binding does not necessarily provide a corresponding 

increase in protection.  

The homogenizing nature of the GC reaction has also been called into question by 

studies on B cell clonal diversity and complex Ag responses. It has been demonstrated that, 

contrary to previous assumptions, nascent GCs can be seeded by a multitude of B cell 

clones, and over the course of the response, while some GCs become pauciclonal or 

monoclonal, many can remain polyclonal with a high diversity of clones [133]. 

Additionally, even as affinity maturation of the response occurs, both high affinity and low 

affinity B cell clones can be found within GCs [133]. This was unexpected, as the 
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prevailing theory was that low affinity clones should be gradually eliminated by apoptosis 

as they become less capable of competing for survival signals. As techniques to study GC 

reactions and B cell repertoires in vivo have become more sophisticated, it has become 

apparent that the B cell response is more complex and diverse than previously anticipated. 

Some of the discrepancies between previous models of B cell repertoire diversity and 

recent data may be explained by the nature of the studies used to establish our 

understanding of the GC response. Much of the previous work in mice was performed 

using haptens as the Ag of interest. Haptens are small molecules with limited epitope 

complexity that generate genetically restricted B cell responses. In Ighb mice, the B cell 

response to the hapten 4-hydroxy-3-nitrophenyl acetyl (NP) consists of >90% of clones 

expressing a BCR formed by H and L chains bearing the VH1-72 and Vλ1 gene segments 

[123, 134]. Additionally, a single mutation (W33L) can significantly increase the BCR 

affinity of this clone [135]. The low complexity of hapten epitopes driving intraclonal 

competition of B cell responses may not be representative of what occurs when the immune 

system is confronted with highly complex pathogen Ags in nature.  

Studies in Nojima cell cultures designed to simulate GC B cell diversity have 

demonstrated that B cell responses to complex Ags such as Bacillus anthracis protective 

antigen and influenza haemagglutinin can undergo affinity maturation while maintaining a 

significant fraction of low avidity clones, consistent with a model of “permissive selection” 

rather than “purifying selection” [136]. These results agree with the findings previously 

described using intravital microscopy of Confetti mice immunized with alum-adsorbed 

chicken gamma globulin to study GC dynamics, in which affinity maturation could occur 

in the absence of homogenizing selection [133]. Additionally, the identification of B cell 
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clones that persist in GC reactions but do not bind native Ag with measurable affinity by 

any known assay disagrees with the notion that GCs functionally evolved to eliminate low 

affinity clones. It has been suggested that these clones may be recruited or responding to 

neo-epitopes generated by in vivo processes termed “dark antigen” [136, 137]. Studies in 

knock-in mice and B cell transfer models using the VRC01-class BCR, an HIV broadly 

neutralizing Ab found in humans, demonstrated that precursor frequency and naïve B cell 

affinity greatly influence GC clone diversity [138, 139]. The potential exists for low 

affinity clones to compete for GC occupancy when present at high precursor frequencies, 

but high affinity clones can come to dominate GCs even when present at low precursor 

frequencies [138]. Collectively, these results suggest that the GC dynamics observed 

during hapten responses in mice are not representative of B cell responses to real world 

pathogens (summarized in Figure 1.4). Additionally, it has been shown that Salmonella 

enterica serovar Typhimurium infection in mice can stimulate extrafollicular B cell 

responses that undergo SHM and affinity maturation of Ag-specific B cell clones in the 

absence of developing true GCs [140], lending support to the hypothesis that GCs did not 

evolve solely as a structure to facilitate affinity maturation. 
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Figure 1.4. Diversity and affinity repertoire changes during hapten driven versus complex antigen 

driven B cell responses. 

 

Haptens are small molecules with limited epitope complexity; thus, they tend to elicit antibody responses in 

which only a few clones seed early germinal centers, and those clones that proliferate tend to accumulate a 

few mutations that grant large increases in affinity. Over the course of the response, the diversity of clones 

present decreases while affinity increases. However, complex antigens which more closely mimic real-world 

pathogens provide a diversity of epitopes that allow for recruitment of many B cell clones of varying affinities 

to germinal centers. Over the course of the response, affinity can be increased by selecting for a greater 

proportion of high affinity clones while still maintaining a pool of low affinity binding clones to anticipate 

pathogen mutations. Thus, affinity can increase while simultaneously maintaining, or even increasing, the 

diversity of the repertoire. 



22 

 

That SHM and affinity maturation are valuable processes to the humoral immune 

response is not in contention. SHM is a phylogenetically ancient mechanism conserved in 

almost all organisms with true B cells [141-145], and affinity maturation of the B cell 

repertoire does provide effective protection for secondary responses. However, that affinity 

maturation was the driving selective advantage behind the evolution of GCs and 

conservation of SHM is debatable. Certainly, affinity maturation provides no benefit to an 

organism if it succumbs to an initial infection, and while SHM can introduce mutations to 

increase binding affinity, it is a double-edged sword that can mutate receptors away from 

Ag-binding [146, 147], or worse, towards autoimmunity [148]. While there is some 

evidence the GCs have mechanisms of “clonal redemption” to salvage autoreactive BCRs 

[149], it cannot be assumed that the potential disadvantages of SHM are necessarily 

outweighed by the advantages of affinity maturation. However, if SHM did not evolve to 

support affinity maturation, what then was purpose of this mechanism? 

It has been suggested by Longo and Lipsky that SHM could have evolved as a 

mechanism to generate repertoire diversity to combat rapidly mutating pathogens [150]. 

Even if SHM and GCs facilitate increases in avidity of the repertoire, pathogens exhibit 

multiple strategies for evading even high affinity Abs. Viruses such as influenza and human 

immunodeficiency virus (HIV) mutate rapidly [151], allowing them to escape protective 

Ab responses, and other pathogens such as Trypanosoma cruzi and Neisseria species 

exhibit diverse antigenic epitopes to constantly evade the immune system [152]. Antigenic 

diversity and mechanisms of immune evasion are also significant obstacles to developing 

a vaccine against the causative agent of malaria, Plasmodium falciparum [153]. While 

affinity maturation provides no value in protecting against antigenic variation, diversity 
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driven by SHM, coupled with the structure of GCs to support robust clonal selection and 

the production of MBCs, could provide a mechanism for the humoral response to anticipate 

antigenic variation. Can one find evidence to support the hypothesis that SHM and GCs 

evolved to support repertoire diversification? 

A study conducted on MBCs in humans analyzed the Ab response against the 

haemagglutinin stem of influenza, and demonstrated evidence of redundant accumulation 

of mutations [154]. Broadly neutralizing VH1-69 clones rapidly gained high affinity stem 

binding from a single amino acid substitution (P52aA), yet subsequently continued to 

accumulate high levels of redundant mutations. This suggests a mechanism of expanding 

repertoire diversity while maintaining high affinity that can potentially provide protection 

against haemagglutinin subtypes. In another study of human MBCs, individuals were 

repeatedly immunized with Plasmodium falciparum sporozoites Chemoprophylaxis 

Vaccine. It was found that affinity maturation of the repertoire occurred through repeated 

exposure to Ag and expansion of the proportion of Ag-experienced MBC clones with high 

affinity binding receptors, rather than intraclonal affinity maturation via SHM [155]. SHM-

diversified Abs showed little increase in binding affinity compared to germline Abs, 

despite affinity maturation at the population level, again providing evidence of SHM 

facilitating diversification over affinity. Other studies demonstrate that the human MBC 

pool exhibits a diverse repertoire, with mutations contributing to intraclonal diversity as a 

potential reservoir to facilitate responses to Ag variants [156]. If SHM evolved as a 

mechanism to anticipate pathogen mutations, it is not surprising that GCs would produce 

diverse mutated MBCs that could remain on standby to respond to future insults. However, 
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there is some ambiguity concerning the ability of MBCs to re-enter secondary GC reactions 

and continue mutating. 

A study in mice immunized with chicken gamma globulin found that primary 

immunizations generate a clonally diverse pool of MBCs produced by GC reactions, but 

upon homologous boosting with Ag, a pauciclonal secondary response is produced by high 

affinity, dominant MBCs that rapidly differentiate to PCs [120]. Few of these high affinity 

clones were found to participate in secondary GC reactions, while the majority of clones 

entering secondary GCs comprised a new repertoire without Ag experience; however, the 

results of this study may have been a direct result of homologous Ag boosting only 

engaging a small proportion of the MBC pool (which, overall, was still diverse) [120]. 

Contrary to the results in mice, research conducted on human GCs in patients enrolled in a 

seasonal influenza vaccination study found that a significant proportion of vaccine-binding 

GC B cell clones also present in the early circulating PB response displayed high levels of 

SHM and were broadly cross-reactive to influenza, demonstrating re-entry of MBCs into 

secondary GCs [121]. These results can be reconciled with the previous study because the 

patients were immunized with vaccine Ags distinct from previous seasonal influenza Ags 

they would have encountered in their lifetime; thus, heterologous boosting is likely more 

representative of MBCs anticipating pathogen mutations. Finally, a study in mice that 

boosted with heterologous flavivirus Ags found that, while a diverse pool of MBCs was 

generated in primary responses, the majority of MBCs in secondary responses 

differentiated to PCs rather than forming secondary GCs to continue affinity maturing 

[157]. This result would seem to agree with the findings that MBCs do not greatly 

contribute to secondary GCs, but the evidence that the pool of MBCs generated in the 
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primary response provides a breadth of cross-reactive cells to respond to different 

flavivirus strains would support the notion that SHM and GCs provide a mechanism for 

countering evolving pathogens. 

Understanding the complexities of the GC reaction and how it alters the B cell 

repertoire is necessary to better design vaccines that produce desired functional outcomes, 

particularly with regard to pathogens such as influenza and HIV for which the goal is to 

elicit broadly neutralizing Abs. Additionally, while current successful vaccines engage the 

B cell response to produce protective Abs, the ability to effectively harness the GC reaction 

based on fundamental mechanisms could better target development of MBCs and LLPCs 

that provide long-term protection. Part of the difficulty in teasing apart the mechanisms of 

SHM and GC reactions in mice and other mammals is that, while these models are the most 

representative of the human system of adaptive immunity, they were shaped by millions of 

years of evolutionary fine-tuning. To understand the fundamental driving forces that 

shaped the evolution of GCs, it is necessary to study the immune system through the greater 

lens of the evolution of vertebrate adaptive immunity. By pinpointing the stage at which 

this system first appeared, one may be able to identify the basic mechanisms of B cell 

selection and SHM. These mechanisms can then be utilized to improve our understanding 

of human B cell responses. 

1.5. Evolution of the vertebrate adaptive immune system  

Much can be learned about the fundamentals of immunity by comparing the immune 

systems of recently evolved taxa with those of more ancient derivation. It is important to 

keep in mind that when examining older taxa, extant species do not represent a “freeze-

frame” in evolution, as they have also continuously evolved since diverging from a 
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common ancestor [158]. Rather, the most parsimonious assumption is that shared elements 

of the immune system found in long diverged lineages usually represent conserved, 

fundamental components. 

The most ancient and conserved characteristics of the immune system can be found in 

the invertebrate lineages, which make up >90% of all animal species on Earth [159]. 

Evidence demonstrates that molecules of the complement system, an important innate 

defense mechanism, can be found as far back as Porifera (sponges) [160], and Élie 

Metchnikoff famously discovered the process of phagocytosis in the larvae of an 

echinoderm (the starfish, a lower deuterostome), some of the first evidence of cell-

mediated immunity [161]. Invertebrate immune systems have historically been categorized 

as purely innate defenses, comprised of germline-encoded, PRRs with nonspecific 

protection, as opposed to the diversity and clonal specificity of the rearranging Ag-

receptors of vertebrates. However, a significant amount of research has demonstrated that 

some invertebrate immune receptors are diversified through different mechanisms. 

Examples include the SpTransformer immune effector genes of purple sea urchin 

(Strongylocentrotus purpuratus), which may undergo somatic diversification [162] and 

post-transcriptional modification [163], alternative splicing of the Down syndrome cell 

adhesion molecules (DSCAMs) in crustaceans and other arthropods [164], and highly 

polymorphic allorecognition genes in Hydractinia [165]. This research suggests that 

receptor diversity is a key characteristic of all immune defenses, and that invertebrate 

immunity may possess more “adaptive-like” qualities than previously assumed; however, 

true immunological memory has only been identified in the vertebrate lineages.  
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The evolution of the vertebrate lineage is largely believed to have been driven by 

multiple whole genome duplication (WGD) events [166-168]. At least one round of WGD 

(1R) is believed to have occurred in the common ancestor of all vertebrates preceding the 

divergence of the jawless vertebrates (Agnatha) and the jawed vertebrates 

(Gnathostomata), potentially laying the genetic groundwork for adaptive immunity [168]. 

A second round of WGD (2R) is proposed to have occurred in the common ancestor of all 

jawed vertebrates [167], and this theory suggests that the 2R event provided duplicate 

genetic material for the evolution of adaptive immunity found in most vertebrate lineages 

[169].  

Adaptive immunity first appears in the vertebrate lineages with the emergence of the 

jawless fishes (Agnatha). This group diverged from the common chordate ancestor 500-

550 mya [170, 171] and contains the lampreys and hagfish. Early functional work 

demonstrated that jawless fishes could make Ag-specific immune responses [172], but it 

was several decades before the cell types and molecules of their adaptive immune system 

were identified [173, 174]. While agnathans possess adaptive immunity (Figure 1.5), their 

system relies upon an entirely separate molecular framework from the BCRs, TCRs, and 

MHC found in jawed vertebrates. Instead, the jawless fishes possess variable lymphocyte 

receptors (VLRs) [173, 175], leucine rich repeat (LRR)-containing proteins that are 

structurally different from the Ig domains of BCRs and TCRs. VLRs are rearranged by a 

gene conversion-like mechanism that is mediated by APOBEC family enzymes, cytidine 

deaminase 1 and 2 (CDA1 and CDA2) [176-178]. Despite being structurally divergent and 

assembled by an entirely different mechanism from BCRs and TCRs, VLRs are generated 

by somatic rearrangement [173] and clonally expressed on jawless fish lymphocyte 
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lineages that are functionally equivalent to T and B cells (VLRA and VLRB, respectively). 

VLRB lymphocytes are capable of differentiating into Ab-secreting cells [173, 179]. 

Jawless fishes also appear to have a thymus-like organ, the thymoid, to support the 

development of T cell-like lymphocytes [180, 181]. The discovery of a third VLR lineage, 

VLRC [181, 182], in jawless fishes suggests there are functional equivalents to αβ and γδ 

T cells in agnathans [183, 184]. With regard to SLOs, proliferating lymphocytes have been 

found in the gills and kidneys of lamprey, but no distinct tissue organization facilitating 

Ag-lymphocyte interactions has been identified in agnathans [174]. The appearance of B- 

and T-like lymphocyte lineages in all vertebrates suggests the precursors to these cells were 

present in the common ancestor of jawless and jawed fishes [185]. Again, as in 

invertebrates, it is apparent that receptor diversity is a conserved characteristic of immune 

defenses. After the emergence of agnathans, the next oldest extant taxonomic group is the 

cartilaginous fishes (Chondrichthyes), containing the sharks, skates, and rays 

(Elasmobranchii) and ratfishes and chimeras (Holocephali). 
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Figure 1.5. Emergence of adaptive immune traits during the evolutionary history of vertebrates. 

 

Extant taxa provide insight to when major components of the adaptive immune system arose in evolution. 

All invertebrate lineages possess only an innate immune system. Adaptive immunity first appears in the 

jawless vertebrates (Agnatha), but their adaptive immune system relies on receptors (VLRs) wholly different 

from the other vertebrate lineages. The first appearance of Igs, TCRs, and MHC occurs in the cartilaginous 

fish lineage (Chondrichthyes), diverging ~450 mya. Thus, the major hallmarks of adaptive immunity (SHM, 

rearrangement of immune genes by RAG1/RAG2, thymus and spleen) arose early in vertebrate evolution. 

Other major developments include: the appearance of translocon Ig gene arrangement in bony fishes 

(Osteichthyes), the emergence of true CSR in tetrapod lineages with the amphibians (Amphibia), and the 

development of true FDCs and GCs in the endothermic vertebrates, mammals (Mammalia) and (potentially, 

in the case of FDCs) birds (Aves).  
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Cartilaginous fishes diverged from a common ancestor with other jawed vertebrates 

during the Silurian period approximately 450 mya [171, 186, 187], and they possess the 

fundamental cellular and molecular components of adaptive immunity found in higher 

vertebrates (Figure 1.5). They have B cells with an Ig repertoire, T cells and TCR, MHC 

class I and II, RAG-mediated V(D)J recombination of Ag receptors, and AID-mediated 

SHM  [188-190]. Recent studies have suggested that sharks have the capacity to produce 

several distinct functional T helper cell subsets [191]. Initial analysis of the elephant shark 

(Callorhinchus milii) genome [190], a Holocephalan, incorrectly concluded that CD4 T 

cell markers, mainly cytokines and transcription factors characterizing T helper subsets, 

were absent in cartilaginous fishes. The presence of Th2 and Treg genes in elephant shark 

was debated [192, 193], but later it was definitively demonstrated from a multi-tissue 

small-spotted catshark (Scyliorhinus canicula) that sharks possess many of the functional 

genes necessary for T helper and regulatory subsets [191]. This included master 

transcription factors, specifically BCL6 for Tfh cells, and effector cytokines such as IL-21, 

further validated in multiple shark species [194]. These results suggest that the ancestor of 

all jawed vertebrates possessed the capability for complex T cell regulation of adaptive 

immune responses. The mammalian-like adaptive immune traits lacking in the 

cartilaginous fishes are mostly at the level of SLO tissue organization; sharks and their 

relatives possess a thymus and spleen with distinct red pulp and white pulp, but they lack 

lymph nodes. The white pulp of the spleen forms in neonatal nurse sharks (Ginglymostoma 

cirratum) by the accumulation of B cells around central arterioles [188], later developing 

into densely packed B cell zones in adults [195], but there is no clearly defined marginal 

zone or adjacent organized T cell zones. GCs are also thought to be absent from this lineage 
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[188, 196, 197]. However, it is apparent from functional studies of cartilaginous fishes that 

many aspects of human adaptive immunity appeared very early in vertebrate evolution 

(discussed in Section 1.6). 

 The next major group to diverge from the vertebrate lineage is the bony fishes 

(Osteichthyes), divided into the ray-finned fishes (Actinopterygii) and the lobe-finned 

fishes (Sarcopterygii). The ray-finned fishes are the far more diverse group, having 

diverged approximately 420 mya [198, 199] and comprising up to 99% of all living fish 

species. The lobe-finned fishes contain the lungfishes (Dipnoi) which are the closest living 

relatives to tetrapods [171, 200]. Studying the bony fish immune system is complicated by 

the fact that the ray-finned fishes underwent a third round of WGD (3R) after diverging 

from the lobe-finned fishes [201, 202], with arguably the most studied group with respect 

to immune function, the salmonids, even undergoing a fourth round of WGD [203, 204]. 

These extra rounds of WGD coupled with rapid gene evolution and diversification in this 

group [205] have confounded studies of immunity. However, it is clear that before this 

group diverged, the emergence of the translocon arrangement of Ig genes occurred. Bony 

fish Ig genes can be found in both translocon and cluster configurations [206, 207], while 

the more evolutionary ancient cartilaginous fishes have their Ig genes only in a cluster 

configuration [208]. While bony fishes have conserved many of the fundamentals such as 

Igs and TCRs, some groups have apparently lost key elements of adaptive immunity: 

Atlantic cod (Gadiformes) have lost MHC class II and fail to make Ag-specific Ab 

responses [209, 210], and some species of anglerfish (Lophius piscatorius) have lost all 

aspects of the MHC class II/T-dependent components (CD4, CD74 A/B, and both classical 

and non-classical MHC II α/β) [211]. These extreme cases serve to underscore the 
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divergent nature of this group from the other vertebrate lineages. While bony fishes retain 

many components of adaptive immunity, other aspects of their immune system should be 

viewed as potentially derived. One example is the presence of melanomacrophage centers 

(MMCs) in some bony fish lineages which are proposed to be functionally analogous to 

mammalian GCs [212]. MMCs have so far not been identified in cartilaginous fish SLOs. 

In the teleost spleen, macrophages surround the ellipsoids (terminal capillaries) with 

accumulations of lymphocytes nearby, but there is a lack of distinct B cell/T cell zones 

[213].  

As vertebrates transitioned from a life wholly in the aquatic environment to partially 

terrestrial, the amphibians (Amphibia) diverged approximately 350 mya [171]. Studies in 

amphibians have revealed the emergence of two key aspects of adaptive immunity, 

mammalian-like CSR and “double-duty” APCs (Figure 1.4). A form of CSR has been 

proposed for cartilaginous fishes [214, 215], but true CSR as it occurs in mammals utilizing 

conventional switch (S) regions has only been found as far back as amphibians [216]. Of 

greater significance to the nature of GC evolution is the appearance of so-called “double-

duty” APCs in this group. No ectotherms (cold-blooded organisms) possess FDCs for 

presenting intact Ag or true GCs [196]. However, specialized cells have been discovered 

in the frog Xenopus laevis, termed XL cells, that are MHC class II rich for presenting 

peptides to T cells, like conventional DCs, and bear Ig isotypes on their surface presumably 

in immune complexes to present intact Ag to B cells, like FDCs [217]. It has been proposed 

that these XL cells are a model for Ag presentation prior to the evolution of FDCs [218]. 

APCs have not been well characterized in more ancient ectothermic vertebrate lineages 

(specifically Chondrichthyes), so it remains unknown if “double-duty” cells are 
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representative of all ectothermic vertebrates or only amphibians. The splenic architecture 

of amphibians (as studied in Xenopus laevis) resembles that of cartilaginous fishes, with B 

cell follicles surrounding central arterioles, but the B cells are bounded by the 

Grenzschichtmembran of Sterba [219]. It is at this perimeter that XLs localize and present 

Ag [217], eventually recruiting T cells from outside the follicle via CCL19 expression to 

facilitate B cell-T cell interactions.  

The last groups of vertebrates worth examining in the evolution of adaptive immunity 

are the reptiles (Reptilia) and birds (Aves). Reptiles diverged from a common ancestor with 

mammals approximately 300 mya, and modern birds diverged from the reptiles 

approximately 200 mya [171]. The reptile adaptive immune system is relatively 

understudied, but worth noting is the appearance of the periarteriolar lymphoid sheath 

(PALS) in the spleen of some members of this group [220, 221]. Similar in structure to 

mammals, this is presumed to be an organized T cell zone to facilitate B cell responses, but 

it is reported that this lineage, like other ectotherms, also lacks GCs. Additionally, the white 

pulp of reptiles is segregated into a peri-ellipsoidal lymphoid sheath (PELS) containing 

primarily Ig+ B cells with Ig- lymphocytes (possibly T cells) at the periphery [220]. The 

birds, unlike previously discussed clades, are endotherms (warm-blooded organisms), and 

do possess true GCs, as well as cells that may be functionally equivalent to true FDCs in 

mammals [222-225].  The avian spleen exhibits segregation of the white pulp into discrete 

PALS and PELS like reptiles, with the PALS composed primarily of T cells and the PELS 

comprised primarily of B cells [226, 227]. Interestingly, avian GCs are reported to form 

outside the PELS adjacent to the PALS, with an inner LZ and outer DZ ring around the 

circumference [226], as opposed to the LZ/DZ poles of mammalian GCs. 
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The placental mammals (Eutheria) emerged approximately 160 mya [228], and it is this 

group that has received the most attention with regard to the study of adaptive immunity. 

The previous sections detailing mouse and human B cell responses are characteristic of this 

group. What can be gleaned from this brief foray into the evolution of vertebrate adaptive 

immunity to understand the mechanisms of GCs? True GCs appear only in the endothermic 

vertebrates (birds and mammals), suggesting a link between heightened 

metabolism/warmer core body temperatures (possibly permitting faster pathogen 

replication) and pressure to evolve microanatomical structures that support faster B cell 

selection. The lack of GCs or FDC-like cells in reptiles suggests that these adaptations 

independently evolved twice in jawed vertebrates (birds and mammals), perhaps 

convergently with the emergence of endothermy. However, the appearance of SHM and 

Ag-specific B cell responses early in vertebrate evolution in the cartilaginous fishes, and 

evidence of affinity maturation in ectotherms (sharks and amphibians) suggests many of 

the functional outcomes described do not require true GCs. Additionally, if “double-duty” 

APCs exist in Xenopus, and potentially other ectotherms, what was the selective pressure 

that drove the evolutionary “leap” to true FDCs?  

To answer these questions, and to return to the original hypothesis of SHM facilitating 

diversity generation over affinity maturation, one must examine the time point at which the 

fundamentals of adaptive immunity emerged. Preferably, this would be in the ancient 

jawed vertebrates, the extinct placoderms, but considering only extant taxa one can 

examine the cartilaginous fishes in depth. As the most evolutionary ancient vertebrate 

group to possess Ig-based adaptive immunity, sharks and their relatives are the ideal model 
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system to answer these questions. Thus, it is worth examining what is known about the 

shark immune system in detail. 

1.6. Cartilaginous fish immune system 

 As previously stated, cartilaginous fishes are the oldest extant taxonomic group to 

possess an adaptive immune system grounded on BCRs, TCRs, and MHC. Much of what 

is known about the immune system of sharks and their relatives has been learned by 

studying the nurse shark. An overview of the nurse shark immune system is presented here 

in the context of B cell responses. 

1.6.1. Cartilaginous fish immune organs 

 Cartilaginous fishes have a bilateral thymus dorsomedial to the gills (Figure 1.6) 

where T cell development and maturation occurs [229, 230]. Lacking bone marrow, B cell 

development occurs in the epigonal organ, associated with the gonads, and the Leydig 

organ, embedded in the wall of the esophagus [231]. Not all species possess a Leydig organ, 

e.g., only the epigonal organ is present in nurse sharks. Histological evidence and 

RAG1/TdT expression implicate these tissues as PLOs [188, 231]. The major SLO of the 

shark is the spleen, as they lack a lymphatic system, but there is evidence of lymphocyte 

activity in the gills, gut, and multiple other tissues [188, 232, 233]. The nurse shark spleen 

is highly vascularized and contains identifiable red pulp and white pulp regions [188]. 

Organized B cell follicles can be found in the spleen, but no true GCs have been identified 

in sharks [197]. The spleen is the major site of Ig secretion in nurse sharks, but the presence 

of secretory Ig transcripts in the epigonal organ suggests LLPCs may home to this site, 

equivalent to LLPC homing to bone marrow in mammals [195]. Additionally, secreted Ig 

has been detected in the pancreas, gill, liver, kidney, and olfactory organ of sharks [234]. 
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Figure 1.6. Cartilaginous fish immune organs.  

Adapted from Matz, H., D. Munir, J. Logue and H. Dooley (2020). "The immunoglobulins of cartilaginous 

fishes." Developmental & Comparative Immunology: 103873. 

 

Cartilaginous fishes possess a thymus dorsomedial to the gills in which T cells develop and mature. They 

lack a lymphatic system but possess a spleen which is the main site of antibody responses. As they also lack 

bone marrow, cartilaginous fishes have alternative organs supporting lymphopoiesis and hematopoiesis: the 

Leydig organ (not shown, not present in nurse sharks) and the epigonal organ, associated with the gonads. 

Preliminary evidence suggests that, similar to bone marrow in mammals, the epigonal organ may support 

long lived plasma cells in sharks. 
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1.6.2. Cartilaginous fish immunoglobulin isotypes  

 Cartilaginous fishes have 3 H chain isotypes (Figure 1.7) and 4 L chain isotypes 

[reviewed in ref. 189]. The first H chain isotype reported was IgM (µ), orthologous to IgM 

in mammals [235-237]. The IgW (ω) H chain isotype was originally described in several 

different cartilaginous fish species under different identifiers [238-241], before finally 

being identified as an IgD ortholog and reconciled under the name IgW [237, 242]. Several 

different transmembrane and secreted forms of IgW have been identified with varying 

numbers of C domains, including an IgW form lacking a V domain [215, 234, 240]. Unlike 

IgM and IgD in mammals, IgM and IgW do not appear to be expressed simultaneously on 

the surface of shark B cells [243]. Little is known about the function of IgW, but it may 

play a role in mucosal immunity as high IgW transcript levels are found in pancreas and 

gills [215, 234, 244]. The final H chain isotype in sharks is the unique Ig new antigen 

receptor (IgNAR), an H chain homodimer that does not associate with L chain. First 

identified in nurse shark [245], IgNAR is expressed as both transmembrane and secreted 

forms [234, 240]. The V domains (VNARs) function as independent soluble units bound 

to the C1 domain by a flexible tether [246]. The V domains are formed through the 

rearrangement of three D segments, which generates diverse CDR3s with regards to 

sequence and length [141, 245, 247]. Their diversity, size, stability, and unique epitope 

binding have generated significant interest in using VNARs for diagnostic and therapeutic 

uses [reviewed in ref. 248].  
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Figure 1.7. Cartilaginous fish immunoglobulin isotypes. 

Adapted from Matz, H., D. Munir, J. Logue and H. Dooley (2020). "The immunoglobulins of cartilaginous 

fishes." Developmental & Comparative Immunology: 103873. 

 

Cartilaginous fishes express three H chain isotypes. Constant domains are colored in grey, while variable 

domains are colored by isotype. IgM is expressed in both a pentameric (pIgM) and monomeric (mIgM) form; 

mIgM is expressed in both a secretory and transmembrane fashion. A germline-joined version of IgM 

(IgM1gj) is expressed early in development by neonates. IgW has been identified in several forms, including 

one lacking variable domains; its function is currently unknown, but it is hypothesized to play a role in 

mucosal immunity. Finally, IgNAR is a heavy-chain only isotype that does not associate with light chain. 

Like mIgM, it is expressed in both secretory and transmembrane forms. 
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In addition to these H chain isotypes, there are 4 cartilaginous fish L chain isotypes: 

kappa (κ), lambda (λ), sigma (σ), and sigma-2 (σ-2; also called σ-cart prior to its discovery 

in lobe-finned fishes) [206]. Of these isotypes, κ and λ are orthologous to their respective 

isotypes in endothermic vertebrates, σ is present only in ectothermic vertebrates [206, 249], 

and σ-2 appears to be a “dead-end” isotype only maintained in cartilaginous fishes.  

 In mammals, Ig genes are organized in a translocon arrangement in which multiple 

V, D (H chain only), and J gene segments are located upstream of C domains for all Ig 

isotypes. The translocon Ig gene organization appears as far back in evolution as the bony 

fishes. Cartilaginous fishes, in contrast, maintain their Ig genes in a cluster configuration 

(Figure 1.8): a single V segment, one or more D segments (again, H chains only), and a 

single J segment lie upstream of C region exons of a single isotype [208]. The number of 

clusters varies between isotypes and between cartilaginous fish species. Nurse sharks have 

~15 IgM and 3 IgNAR genes, while other species have significantly more Ig genes [244, 

250]. V(D)J rearrangement is mediated by RAG1 and RAG2 in sharks as in mammals, 

with rearrangement occurring within clusters but rarely between clusters [188, 251]. N-

nucleotide addition by TdT occurs during recombination to increase repertoire diversity 

[188]. Unlike in mammals, the V, D, and J segments of sharks are available for 

recombination in any order, and multiple Ig genes are accessible at once for recombination 

[251]. However, isotype and allelic exclusion are maintained in shark B cells [188, 251].  
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Figure 1.8. Translocon versus cluster configuration of immunoglobulin genes. 

Adapted from Matz, H., D. Munir, J. Logue and H. Dooley (2020). "The immunoglobulins of cartilaginous 

fishes." Developmental & Comparative Immunology: 103873. 

 

Mammalian Igs are found in a translocon arrangement, with multiple V segments, D segments, and J 

segments arranged upstream of the C domains for all the different Ig isotypes. In contrast, cartilaginous fish 

Igs are found in a cluster configuration, where a single V segment, two or more D segments, a J segment, 

and the C domains for a single isotype are present in each cluster, and multiple clusters are present for each 

isotype. C domains are shown in grey; the segments that make up the variable domain are colored by isotype. 

 

 

 

 

 

 

 

 

 



41 

 

While most Ig genes are split in the shark germline genome, some clusters exist in 

a partially (VD-J) or fully (VDJ or VJ) pre-rearranged state. Germline-joined IgM and 

IgNAR clusters have been identified [252-254]. The rearrangement state of shark light 

chain genes varies (Figure 1.9). Some κ and σ-cart clusters are pre-rearranged, and all λ L 

chain clusters are germline-joined [206, 255-257].  
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Figure 1.9. Shark immunoglobulin light chain genes.  

Adapted from Matz, H., D. Munir, J. Logue and H. Dooley (2020). "The immunoglobulins of cartilaginous 

fishes." Developmental & Comparative Immunology: 103873. 

 

Shark light chains occur in both split and germline-joined configurations. All λ genes occur in a germline-

joined configuration. The κ and λ isotypes are retained in all vertebrate lineages, although the differences in 

their function remain unknown. The σ isotype is only retained in ectothermic vertebrates, while σ-2/σ-cart 

only appears in cartilaginous fishes. 
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1.6.3. Cartilaginous fish humoral response  

 For many years it was believed that the shark humoral response was lacking 

compared to mammals, deficient in both affinity maturation of the repertoire and 

immunological memory [235, 236, 258]. These notions have been over-turned as methods 

of immunization to generate Ag-specific responses in sharks have improved. 

Nurse shark IgM is expressed as both a pentameric (19S) form (pIgM) and 

monomeric (7S) form (mIgM) [235, 259]. Secretion of pIgM is coordinated with J chain 

expression in Blimp-1- B cells, while mIgM is expressed in Blimp-1+/J chain- B cells [195]. 

The two forms do not interconvert [259] and are hypothesized to be produced by separate 

cell lineages [195, 260]. Additionally, there exists an IgM form with an entirely germline-

joined (VDJ) V domain that predominates in the serum of neonatal animals, IgM1gj [252]. 

This form exists as both monomers and dimers, and as animals mature becomes supplanted 

by pIgM and mIgM in the serum. In adult animals, IgM levels make up approximately half 

of all total serum protein. 

 Prior to immunization, low affinity, high avidity pIgM Ag-binding can be detected 

in the serum of nurse sharks, similar to natural Abs in humans [260-262]. Affinities of Ag-

specific pIgM do not increase over the course of an immune response (Figure 1.10) [260]. 

Levels of pIgM can increase exclusively in response to bacterial carbohydrates. These 

observations suggest that pIgM functions in more of an innate-like, first line of defense 

role, perhaps in a T-independent fashion [263-265]. In contrast, mIgM functions as part of 

the adaptive humoral response in sharks (Figure 1.10). There is a delay in Ag-specific 

mIgM production after exposure, followed by an increase in Ag-specific serum mIgM over 

the course of 2-3 months, and an increase in Ab affinity over the duration of the response 
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[260]. The IgNAR response follows a similar trend to mIgM, with an initial delay in Ag-

specific titers [260] and affinity maturation over the course of the response [266]. The lag-

period necessary to generate Ag-specific titers coupled with affinity maturation of the 

IgNAR and mIgM repertoires suggests these responses occur in a T-dependent fashion 

even in the absence of true GCs [188, 260]. 
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Figure 1.10. Characteristic nurse shark humoral response. 

 

The nurse shark humoral response consists of both innate and adaptive components. The pIgM response is 

characterized by more innate-like qualities: pIgM levels rise rapidly early in the response, but do not increase 

in affinity over the duration of the response, suggesting a T-independent process. The mIgM/IgNAR response 

comprises the true adaptive, antigen specific response: titers of both isotypes increase in an antigen-specific 

fashion after an initial delay following antigen exposure, increasing in affinity over the duration of the 

response. Titers remain at high levels for prolonged periods of time (months – 1 year) before falling to pre-

exposure levels; titers can rapidly increase upon secondary exposure, indicative of immunological memory. 

The mIgM/IgNAR response is believed to occur in a T-dependent fashion. 
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 Ag stimulation drives extensive AID-mediated SHM of shark Ig genes during the 

humoral response. Study of nurse shark IgNAR and IgL genes showed that mutations 

accumulate in a pattern similar to mammalian Igs, targeting AGC/T hotspots but with a 

high proportion of tandem mutations [141, 245, 267]. The mutation rate of IgNAR is 

exceptionally high, surpassing that of even mammalian V regions [267]. High replacement 

to silent mutation ratios (R/S) are seen in the CDRs of IgNAR clones, suggesting that 

positive selection can occur even without GCs [141, 253]. While this mutation rate 

undoubtedly contributes to repertoire diversification and affinity maturation, the levels of 

affinity maturation seen for sharks were a 10-fold increase [266] compared to >100-fold 

changes seen in mammals [83]. This result was obtained from studying a single VNAR 

clone, and IgNAR primary repertoire clones can already achieve high levels of affinity 

without mutation; it may not be representative of the affinity maturation of the entire 

repertoire during a humoral response. 

 Ag-specific Ig titers in immunized nurse sharks persist up to 1-3 years before 

returning to pre-immunization levels [260]. Contrary to previous assumptions, studies have 

shown that sharks are capable of immunological memory. Ag-specific Ig expression can 

be restimulated >8 years after primary Ag exposure [260, 268], yet another hallmark of 

functional adaptive immunity in the absence of true GCs.  

 The preceding sections illustrate that shark B cell and humoral immunity is not 

“lacking” compared to mammals but shares many of the same functional characteristics. 

The outstanding question from the previously summarized research is, in the absence of 

true GCs, how do sharks select and affinity mature their B cell repertoire? The following 
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specific aims outlined in Section 1.7 detail the experimental approach undertaken in this 

dissertation to address this question. 
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1.7. Specific aims 

The teleology of affinity maturation in mammals has long been debated, and it has been 

suggested that the original function of SHM may have been repertoire diversification, to 

track the antigens of rapidly mutating pathogens, rather than increasing repertoire affinity. 

Evidence from ectothermic vertebrates suggests that the cellular components found in 

mammals may not be necessary for affinity maturation. Ectothermic vertebrates lack 

canonical GCs but are still capable of affinity maturation to varying degrees. Thus, 

studying these taxonomic groups should reveal the primordial mechanics of B cell selection 

and affinity maturation. In this thesis, I have used nurse sharks, members of the class 

Chondrichthyes (sharks, skates and rays, and chimeras), as a model to study B cell selection 

and affinity maturation in a cold-blooded vertebrate. I hypothesized that cartilaginous 

fishes possess structures that are the precursors of mammalian GCs but exhibit less 

stringent selection mechanisms and employ SHM to favor repertoire diversification over 

intraclonal affinity maturation. This hypothesis was tested via the following aims: 

 

Aim 1: Identify and characterize sites of B cell selection and affinity maturation in the 

nurse shark spleen using immunofluorescence microscopy, RNA fluorescence in situ 

hybridization (RNA FISH), laser microdissection (LMD), bulk sequencing of VNAR 

clones, and RNA sequencing of single nuclei (snRNA-seq). This aim is addressed in 

Chapters 2 and 3. 

 

Aim 2: Assess the diversity and affinity of the antibody repertoire during primary, 

affinity matured, and memory B cell responses in nurse sharks via enzyme-linked 
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immunosorbent assays (ELISAs), surface plasmon resonance (SPR), and high-throughput 

Illumina sequencing. This aim is addressed in Chapters 4 and 5. 
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Chapter 2: Organized B cell selection sites in cartilaginous fishes reveal the 

evolutionary foundation of germinal center-based selection 

2.1. Introduction 

The cartilaginous fishes (Chondrichthyes; the sharks, rays, skates, and chimera) are 

the oldest extant lineage to possess an adaptive immune system based upon 

immunoglobulins (Igs), T cell receptors (TCRs), and major histocompatibility complex 

molecules (MHC) [218]. However, given that cartilaginous fishes last shared a common 

ancestor with other jawed vertebrates over 450 million years ago [187], it was long believed 

that their adaptive immune system was “primitive” compared to that of mammals. Indeed, 

immunization studies performed in the 1960s-1980s concluded that shark Ig responses had 

poor antigen specificity, did not affinity mature over the course of the response, and that 

immunological memory was weak or “totally lacking” [269]. This deficit was generally 

attributed to the absence of germinal centers (GCs), which are only histologically 

discernible in birds and mammals [reviewed in ref. 221].  

GCs are specialized microenvironments that form within the B cell follicles of the 

mammalian spleen and lymph nodes (both SLOs) following immunization or infection. 

Founded by antigen-activated B cells [270], GCs are divided into the functionally distinct 

dark zone (DZ) and light zone (LZ). CXCR4-expressing B cells in the DZ, called 

centroblasts, undergo multiple rounds of rapid proliferation coupled with activation-

induced cytidine deaminase (AID)-mediated somatic hypermutation (SHM) of their Ig 

genes. When centroblasts stop dividing, they migrate in a CXCR5-directed manner and 

enter the LZ as centrocytes. The LZ contains a network of follicular dendritic cells (FDCs) 

which sequester native (i.e., unprocessed) antigen on their surface. Centrocytes with 
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relatively higher affinity receptors can capture and present more antigen to the T follicular 

helper (Tfh) cells colocalized in the LZ and receive help to re-enter the DZ for further 

rounds of proliferation/SHM. Concomitantly, some B cells exit the GC as high affinity 

antibody-secreting plasma cells and memory B cells [57]. Centrocytes that fail to bind 

antigen do not receive T cell help and undergo apoptotic cell death. 

In vivo studies have subsequently demonstrated that nurse sharks (Ginglymostoma 

cirratum) can produce robust, antigen-specific antibody responses and mature the affinity 

of their antibody repertoires, albeit on slower timescales than in endotherms [260, 266]. 

Durable immunological memory has also recently been confirmed in this species, revealing 

antibody recall responses more than 8 years after induction of a primary response [260, 

268]. These findings raise the question of how sharks select antigen-specific B cell clones 

and affinity mature their Ig repertoires in the absence of GCs. To investigate this paradox, 

RNA sequencing on single nuclei from the nurse shark spleen was performed in 

collaboration with the laboratory of Dr. Dan Macqueen (Roslin Institute, University of 

Edinburgh), allowing us to characterize the cell types present, and I performed the RNA 

FISH assay RNAscope [271] to provide in situ cellular resolution of key marker gene 

expression following immunization with the fluorescent protein R-phycoerythrin (PE). 

These results prove the fundamental functional components found in mammalian GCs are 

also present in shark splenic follicles. I propose the B cell selection sites identified in nurse 

shark represent the evolutionary foundation of GC-based selection. 
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2.2. Materials and methods 

2.2.1. Shark maintenance, immunizations, and sample collection 

Wild-caught nurse sharks (Ginglymostoma cirratum), aged between 2-3 years and 

averaging 1.2 kg in weight, were maintained in 12,000 L indoor tanks containing 

continuously recirculating artificial sea water at 28°C, at the Institute of Marine and 

Environmental Technology (IMET), Baltimore, USA. Animals were acclimatized for at 

least 3 months prior to sampling or immunization and all experimental procedures were 

conducted in accordance with University of Maryland, School of Medicine Institutional 

Animal Care and Use Committee (IACUC) approved protocols. Animals were immunized 

subcutaneously in the ventral side of the pectoral fin with 300 µg R-phycoerythrin (PE) 

emulsified in Freund’s Complete Adjuvant (CFA). Individual animals were euthanized by 

an overdose of tricaine methanesulfonate (MS-222) at day (D)10, D30, D40, or D50 post-

immunization. Tissue samples for microscopy experiments were collected and frozen in 

Tissue-Tek optimum cutting temperature (OCT) compound (Sakura). Tissue samples for 

single nucleus RNA sequencing were collected and flash frozen in liquid nitrogen. All 

samples were stored at -80°C prior to use.  

2.2.2. Immunofluorescence microscopy  

Frozen tissue samples were sectioned on a Tissue-Tek Cryo3 cryostat (Sakura) at 

6 µm thickness, mounted on Superfrost Plus microscope slides (VWR), and fixed for 30 

sec in 100% acetone. During immunofluorescent staining, care was taken to keep slides in 

the dark to prevent photobleaching of PE. Slides were rehydrated in PBS for 5 min, then 

permeabilized in 0.05% Tween-20 PBS (PBST) for 45 min at 4°C. Slides were blocked for 

45 min in 10% fetal bovine serum (FBS)/PBST at 4°C, then washed in PBST for 5 min. 
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Slides were then incubated with anti-nurse shark IgNAR (GA10 or NARV) or anti-nurse 

shark IgL (LK14) monoclonal antibody cell culture supernatant [188] or anti-PE antibody 

(BioLegend) diluted 1:250 in 2% FBS/PBST for 1 h at 4°C. Slides incubated with isotype-

matched antibody or Dulbecco's Modified Eagle Medium (DMEM) supernatant were 

included as negative controls. Following incubation, the slides were washed with PBST, 

then incubated with secondary goat anti-mouse IgG-Alexa Fluor 488 (Sigma Aldrich) 

1:250 in 2% FBS/PBST for 1 h at 4°C. Slides were washed in PBST, then mounted in 

ProLong Gold + DAPI (ThermoFisher). Microscopy was performed on a Revolve 

fluorescence microscope  (Echo) equipped with necessary filters (FITC, TRITC, and TxR). 

Images were edited for brightness and contrast and composite images produced using 

Affinity Photo software. Scale bars were added using Fiji (ImageJ2) software [272]. Tissue 

areas were measured using the Echo Revolve software.  

2.2.3. Fluorescence in situ hybridization (FISH) 

Fluorescence in situ hybridization (FISH) experiments were performed using 

Advanced Cell Diagnostics RNAscope Multiplex Fluorescent V2 Assay. RNA FISH 

probes for nurse shark Ignar (from [245]), Cd3e (from [273]), Cxcr4 and Cxcr5 (from 

[274]), and Aicda (GenBank accession OM746124)  were designed and manufactured by 

Advanced Cell Diagnostics. Assays were performed according to the manufacturer’s 

instructions. In brief, fresh frozen tissue samples were sectioned at 6 µm thickness, 

mounted on microscope slides, then fixed in 10% neutral buffered formalin at 4°C. Tissue 

slides were dehydrated in 50%, 75%, and 100% ethanol, treated with hydrogen peroxidase 

and RNAscope Protease IV, then hybridized with target gene probes for 2 h at 40°C. 

Negative control probes provided by the manufacturer and targeting bacterial DapB gene 
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in all multiplex channels were included. Tissue slides were then hybridized with 

amplification probes and multiplex channels developed individually using assay reagents. 

Opal 520 and 620 fluorophores (Akoya Biosciences) were used at 1:1000 dilutions 

determined by previous experiments based on target gene signal intensity. Tissue slides 

were stained with DAPI then mounted in ProLong Gold + DAPI or ProLong Glass + 

NucBlue. Microscopy was performed on a Revolve fluorescence microscope (Echo) 

equipped with necessary filters (FITC, TRITC, and TxR). Images were edited for 

brightness and contrast using Affinity Photo software. Scale bars were added using Fiji 

(ImageJ2) software [272].  

2.2.4. Reverse transcription quantitative polymerase chain reaction experiments   

 Primers to perform two-step reverse transcription quantitative PCR (RT-qPCR) 

were designed based on target sequences and are shown in Table 2.1. NetPrimer primer 

analysis software (Premier Biosoft) was used to design primers 16-24 bp in length 

generating PCR products 70-200 bp in length, with melting points (Tm) suitable for qPCR 

while minimizing off target binding/hairpin formations, according to the software 

guidance. Primer pairs were tested on nurse shark spleen cDNA under the following PCR 

cycling conditions: 1 cycle at 95°C for 1 min, 40 cycles at 95°C for 30 sec, 55°C for 30 

sec, 72°C for 1 min, and 1 cycle at 72°C for 2 min. PCR products were analyzed by gel 

electrophoresis on 2.5% agarose gels. Positive PCR bands corresponding to the correct 

product size were excised from the gel, purified, ligated into the pGEM-T vector 

(Promega), and sequenced using T7 (5’-GTGTAATACGACTCACTATAGGG-3’) and 

SP6 (5’-AGGTGACACTATAGAATACTCAAGC-3’) primers to confirm successful 

amplification of the correct target sequence. Previously designed RT-qPCR primers 
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targeting reference genes conserved between nurse shark and small-spotted catshark 

(Scyliorhinus canicula) were utilized as positive controls when testing primer designs.  
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Table 2.1. RT-qPCR primers used in experiments. 
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 RNA was extracted from fresh frozen spleen tissue for each animal following the 

Qiagen RNeasy Lipid Tissue Mini Kit protocol as supplied by the manufacturer. RNA 

concentration was measured using a Qubit 3 fluorometer (Invitrogen) and Qubit RNA 

Broad-Range Assay Kit (Invitrogen), and RNA quality was assessed using a NanoDrop 

2000 spectrophotometer (Thermo Scientific). To prepare cDNA, the QuantiTect Reverse 

Transcription Kit (Qiagen) was utilized. Following the manufacturer’s protocol, 1 µg of 

input RNA was treated with 2 µL gDNA wipeout buffer in a total volume of 14 µL at 42°C 

for 2 min to eliminate any contaminating genomic DNA. A no-reverse transcription (No-

RT) sample was set aside after this step as a control for qPCR. To generate cDNA, the 14 

µL of sample RNA was combined with 6 µL of reverse transcription master mix (1 µL 

Quantiscript Reverse Transcriptase, 4 µL 5X Quantiscript RT Buffer, and 1 µL RT Primer 

Mix, scaled up as necessary), then incubated at 42°C for 15 min, 95°C for 3 min, then 

placed on ice and subsequently stored at -20°C for qPCR.  

 RT-qPCR experiments were performed using Agilent Brilliant III Ultra-Fast 

SYBR® Green QPCR Master Mix as follows. A 1:500 dilution of ROX reference dye was 

prepared in nuclease free water. For each primer pair a master mix was prepared according 

to the following volumes: 670 µL nuclease free water, 1000 µL 2X SYBR Green qPCR 

Master Mix, 30 µL 1:500 diluted reference dye, 100 µL forward primer, and 100 µL reverse 

primer. To each well of a MicroAmp™ Fast Optical 96-Well Reaction Plate (Thermo 

Scientific), 19 µL of master mix containing the appropriate primer pair was added. Then, 

1 µL of either sample cDNA, no-RT control, or nuclease free water was added to their 

respective wells. The plate was kept on a cold block until the qPCR run. 
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 The RT-qPCR experiments were performed on an Applied Biosystems 7500 Real-

Time PCR System. On the Applied Biosystems 7500 software, the “delta CT” program 

was utilized with the pre-defined “SYBR” program with melt curves selected. The 

following thermocycler conditions were followed: 95°C for 20 sec, then 40 cycles at 95°C 

for 3 sec, 60°C for 30 sec (fluorescence read step), and then a melt curve collection step 

consisting of 95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec, and 60°C for 15 sec. Results 

were exported and analyzed. LinRegPCR software was used to calculate the PCR 

efficiency of each primer pair. This value was then used to correct CT values in GenEx 

version 7 software (multiD Analysis). Primer pairs for the following housekeeping genes 

were tested on spleen cDNA to determine the best set of normalization genes: beta-actin, 

RPL13, RPS13, RPS29, and EFIα. Using the NormFinder algorithm in GenEx version 7, 

RPS13 and RPS29 were determined to be the most suitable pair of genes for normalization. 

In subsequent experiments, these primers were included to normalize qPCR data collected 

for the experimental primer sets. All genes were tested in technical duplicates for RT-qPCR 

experiments. 
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2.2.5. Single nuclei RNA sequencing (snRNA-seq) data generation and analysis 

Frozen spleen samples were shipped to the University of Edinburgh on dry ice. 

Sample preparation and sequencing were performed by Dr. Rose Ruiz Daniels, and 

Mariana Beltran. A protocol adapted from [275] was used for nuclear extraction, 

employing a Tween with salts and Tris (TST) buffer, which has been shown to perform 

well in recovering high cell type diversity across sample types [276]. Approximately 45 

mg of each frozen spleen sample was placed in a 6-well tissue culture plate (Stem Cell 

Technologies) with 1 ml TST (2 mL of 2X ST buffer + 120 µL of 1% Tween-20 + 20 µL 

of 2% BSA brought up to 4 ml with nuclease-free water). The tissue was minced using 

Noyes Spring Scissors for 10 min on ice. The resulting homogenate was filtered through a 

40 µm Falcon cell strainer, and a further 1 mL of TST was added to wash the well and 

filter. The volume was brought up to 5 mL using 3 mL of 1X ST buffer (diluted from 2xST 

buffer [292 µl of 146 mM NaCl, 100 µl of 10 mM Tris-HCl pH 7.5, 10 µl of 1 mM CaCl2, 

210 µl of 21 mM MgCl2, brought up to 10 ml with nuclease-free water]). The sample was 

centrifuged at 4°C for 5 min at 500 x g before the resulting pellet was resuspended in 1 ml 

1X ST buffer and the recovered nuclei were filtered through a 40 µm Falcon cell strainer.  

The nuclei were processed through the ChromiumTM Single Cell Platform using 

the ChromiumTM Single Cell 30 Library and Gel Bead Kit v3.1 and ChromiumTM Single 

Cell A Chip Kit (both 10X Genomics) as per the manufacturer’s protocol. Briefly, the 

isolated nuclei were stained with Hoechst dye and their integrity visually confirmed under 

a fluorescent microscope. The nuclei were counted using a Bio-Rad TC20, and 

approximately 7,000 loaded per sample into a channel of a Chromium 3’ Chip. The nuclei 

were partitioned into droplets using the Chromium controller before the captured RNA for 
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each nucleus was barcoded and reverse transcribed. The resulting cDNA was PCR 

amplified for 14 cycles, fragmented, and size selected before Illumina sequencing adaptor 

and sample indexes were attached. Libraries were sequenced on a NovaSeq 6000 platform 

by Novogene UK, Ltd., resulting in ~220 million paired end 2x150 bp reads per sample. 

Sequence analysis was performed by Dr. Richard S. Taylor. As the closest related 

shark species with a published reference genome, the genome of the whale shark 

(Rhincodon typus; NCBI accession: ASM164234v2) was used for alignment and feature 

counting. Sequences for five nurse shark genes of specific interest, but absent from the 

whale shark genome annotation, were appended to the genome annotation GTF file (Aicda, 

Cd79a, Il21, and 2 Tnfsf13b paralogs). StarSolo v2.7.7a [277] was used to align reads with 

the following changes to default settings: --soloUMIdedup 1MM_Directional, --

soloCellFilter TopCells 25000, --outFilterMatchNminOverLread 0.15, --

outFilterScoreMinOverLread 0.15, --outMultimapperOrder Random, --soloFeatures 

GeneFull. Reads mapping to introns were retained to account for the large quantity of 

unspliced transcripts present in snRNA-seq data and the top 25,000 nuclei by UMI count 

were retained to ensure retention of the transcriptionally quiet erythrocytes. To account for 

sequence dissimilarity between whale shark and nurse shark, the alignment filtering 

thresholds –outFilterMatchNminOverLread and –outFilterScoreMinOverLread, 

corresponding to minimum alignment length and alignment score were optimized to return 

the highest UMI per nuclei and genes per nucleus. A score of 0.15 was found to be optimal 

for these parameters (Supplementary Table 2.2, see Appendix A.2). 

Quality control was performed separately on each sample. Genes expressed in 

fewer than five nuclei were excluded. Nuclei with fewer than 500 genes or 800 unique 
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molecular identifiers (UMIs) were excluded. Gene expression was normalized by dividing 

the UMI count for each gene by the total UMI for each nucleus, multiplying by 1000 and 

applying the function ln(1+x). DoubletFinder v2.0 [278] was used to identify and remove 

potential doublets using preliminary clustering to simulate doublet expression. 

Clustering and visualization of snRNA-seq data were performed using Seurat 

v4.0.4 [279]. The expression matrices of both samples were concatenated, and 

dimensionality reduction performed using principal component analysis (PCA) restricted 

to the 2,000 most variable genes. Batch correction between samples was performed with 

Harmony v0.1.0 [280], and the first 35 PCA components in the batch corrected space were 

used to cluster nuclei using the shared nearest neighbor approach in Seurat. UMAP 

visualizations were generated using the ‘RunUMAP’ command in Seurat. Broad cellular 

identity was established by performing a differential gene expression test for each 

population against all other populations and checking against a panel of known marker 

genes for each lineage (electronic Supplementary Table 2.4). A separate analysis of T cells 

was conducted by sub-setting the nuclei identified as T cells in the global analysis, 

recalculating the 2,000 most variable genes within the T cells, and repeating the same 

dimensionality reduction, PCA, batch correction and clustering steps (using 11 PCA 

components). A population of potential T-cell/B-cell doublets were manually removed at 

this stage, based on an expression profile consistent with both T cells and B cells and a lack 

of marker genes unique to that population. All differential gene expression tests used a 

Wilcoxon Rank Sum test with a minimum log2-fold change threshold of 0.25 and 

expression in at least 20% of cells in a cluster. 
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2.2.6. Rapid immunofluorescence staining and laser microdissection (LMD) 

 A rapid immunofluorescence staining protocol was developed to quickly identify 

IgNAR+ B cells while preserving sample RNA integrity. Frozen spleen samples were 

sectioned on a Tissue-Tek Cryo3 cryostat (Sakura) at 6 µm thickness and adhered to 

polyethylene naphthalate (PEN) metal frame slides (Leica), 2 sections per microscope 

slide. Under RNase-free conditions, sections were fixed in ice cold 100% acetone for 30 

sec. After briefly air drying, sections were stained for 90 sec with cell culture supernatant 

containing anti-nurse shark IgNAR monoclonal antibodies and supplemented with RNasin 

Ribonuclease Inhibitor (1 U/µl, Promega). Slides were rinsed in RNAse-free PBS, then 

incubated with goat anti-mouse Alexa Fluor 488 diluted 1:100 in 2% FBS/PBS 

supplemented with RNasin (1 U/µl) for 90 sec. Slides were rinsed in RNAse-free PBS and 

then air dried for 7 min. The slides were visualized and 10-15 IgNAR+ B cell follicles 

extracted using a Leica LMD7 microscope equipped with the necessary filters. Sections 

were collected into the caps of 0.2 ml microcentrifuge tubes containing 25 µl Arcturus 

PicoPure Extraction Buffer. Once LMD isolation was complete, the tubes were capped and 

centrifuged, collecting the samples into a further 25 µl of extraction buffer. Tubes were 

immediately snap frozen on dry ice until ready for RNA purification. Upon thawing the 

sample, RNA was purified using the Arcturus PicoPure RNA Isolation Kit (Thermo 

Scientific) according to the manufacturer’s protocol for fresh frozen tissues. RNA 

concentration was assessed using a Qubit 3 fluorometer and Qubit RNA Broad-Range 

Assay Kit (Invitrogen). 
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2.2.7. LMD IgNAR variable region repertoire data generation and analysis 

 SuperScript II Reverse Transcriptase (RT) was used to generate cDNA from the 

extracted RNA following the manufacturer’s instructions (Invitrogen). The total RNA 

sample (12 µl containing 62 ng of RNA) was combined with 1 µl of 0.5 µg/μl Oligo(dT)12-

18 primer and 1 µl of 10 mM dNTP mix, incubated for 5 min at 65°C, then placed on ice. 

Next, 4 µl 5X First-Strand Buffer and 2 µl 0.1 M DTT were added to the reaction, mixed, 

and incubated for 2 min at 42°C. Finally, 1 µl SuperScript RT and 1 µl DEPC H2O were 

added to the reaction, mixed, and incubated at 42°C for 1 h and the reaction inactivated by 

heating to 70°C for 15 min.  

 The cDNA produced above was used as input for PCR reactions to generate a 

library of IgNAR variable domains (VNARs) present in the LMD-extracted follicles. A set 

of 3 reactions was prepared, each containing 20 ng of cDNA, and VNAR sequences were 

amplified by PCR using the framework-annealing primers NAR-Fr1-forward (5’-

AGACGGGCGAATCACTGACC-3’) and NAR-Fr5-reverse (5’-

TATTCCAGGATTCACAGTCACGAC-3’) which give a product of 270-290 bp. PCR 

cycling conditions were as follows: 1 cycle at 95°C for 1 min, 30 cycles at 95°C for 30 sec, 

55°C for 30 sec, 72°C for 1 min, and 1 cycle at 72°C for 2 min. After amplifying the VNAR 

sequences, the reactions were pooled, and the PCR products cleaned up following the 

QIAquick PCR Purification Kit protocol (Qiagen). The VNAR library was sequenced on 

an Illumina NovaSeq 6000 platform by Novogene USA Ltd., resulting in ~22.5 million 

paired-end 2x150bp reads. 

Standard Ig repertoire analyses typically involves aligning sequencing reads to 

reference datasets of germline V(D)J alleles. Shark Ig repertoires have never been assessed 
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using high-throughput sequencing methods, so it was necessary to prepare suitable 

reference data for analyses with existing tools. Notably, the V gene region of IgNAR is 

reported to incorporate seven distinct subsegments: a single complementarity determining 

region (CDR1) and two hypervariable segments (HV2 and HV4), surrounded by 

framework regions (FR1-4). Thus, unlike the human V region formation of FR1-CDR1-

FR2-CDR2-FR3, shark IgNAR takes the form FR1-CDR1-FR2-HV2-FR3-HV4-FR4 

[248]. This lack of direct correspondence with human subregions complicates reference 

formatting. 

We used MiXCR [281] to align and extract the IgNAR V regions, in part because 

it can accept data from new reference species, which relies on the repseqio JSON formatted 

(https://github.com/repseqio/repseqio/wiki/repseqio-JSON-library-format) for reference 

species. To enable reference formatting, we encoded the HV2-FR3-HV4 subsection of the 

IgNAR V gene as CDR2, as they together occupy the equivalent position to CDR2 in 

humans, with the intention of separating these sections after MiXCR alignment. This had 

the effect that FR4 at the end of the shark IgNAR V was encoded as FR3 (occupying the 

equivalent position), and IgNAR FR5 (which follows the J segment) was encoded as it’s 

positional equivalent in humans, FR4. We encoded the three nurse shark IgNAR Vs (type 

I, II, and III) using this approach. 

The MiXCR ‘align’ function was then used on the LMD VNAR library reads, 

specifying nurse shark for both the reference library and species. Following this, we used 

the ‘exportAlignments’ function in MiXCR to extract sequence and mutation information 

for the 7 distinct regions of the IgNAR V genes from the resultant alignment data. 

Considering the reference file subsegment definitions work-around described above, we 
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could not extract all 7 IgNAR V subregions using their correct names, but rather used the 

above prescribed positional equivalents in humans. Direct human-like naming convention 

was possible for FR1, CDR1, and FR2, for which we extracted amino acid sequences using 

the –aaFeature command (e.g., ‘-aaFeature CDR1’ would recover the CDR1 sequence 

segment for each alignment). As the shark IgNAR HV2-FR3-HV4 region was encoded as 

though it were human CDR2, extracting these segments required further manipulation by 

specifying subsection of the encoded CDR2. For this we used the following commands: ‘-

aaFeature {CDR2:Begin:CDR2Begin(+30)}’ to recover the sequence from the start of 

CDR2 up to 30 nucleotides into the CDR2 which corresponds to the 10 amino acid HV2 

region, ‘-aaFeature {CDR2Begin(+30):CDR2Begin(+51)}’ to recover next the 7 amino 

acids which form the IgNAR FR3 region, and ‘-aaFeature {CDR3Begin(+51):FR3Begin}’ 

(For this flag recall that IgNAR FR4 is encoded as FR3, its human equivalent) to recover 

the remainder of the CDR2 encoded region as HV4). The FR4 region of IgNAR, which 

was offset to appear as FR3 by the HV2-FR3-HV4 recoding to CDR2 was then recovered 

using ‘-aaFeature FR3’. Mutation data corresponding to replacement and silent 

substitutions was extracted using the same approach, but this time preceding the region of 

interest with the ‘-mutationsDetailed’ flag rather than ‘-aaFeature’. In this analysis we also 

specified the ‘-Vgene’ flag which reports the best hit V gene reference. An initial 

‘exportAlignments’ run with these conditions resulted in an error, however we were able 

to pinpoint this to the recovery of mutation data from the FR4 region. This was overcome 

to produce the desired output table by splitting the 20 amino acid FR4 region in half when 

using the ‘-mutationsDetailed’ flag, such that we specified the flags ‘-mutationsDetailed 

{FR3Begin:FR3Begin(+30)} -mutationsDetailed {FR3Begin(+30):FR3Begin(+60)}’ 
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instead of ‘-mutationsDetailed FR3‘. Bash commands were then used to select for aligned 

sequences that did not deviate in length across any of the 7 subregions to help avoid errors 

in downstream analyses (and to promote equal treatment between these subregions as our 

encoding and extraction approach already does this to a degree for the HV2, FR3, and HV4 

regions), to extract the top 100 most abundant distinct V sequences and their counts (i.e. 

top 100 dataset), as well as to export summary data for amino acid variability analyses, and 

replacement and silent mutation data for calculations and graphical presentation in 

Microsoft Excel and R (v3.3.2). Amino acid variability was calculated using the Wu-Kabat 

Variability Coefficient [282] in Excel with the amino acid sequence data extracted from 

the MiXCR ‘exportAlignments’ output,  while a one-sided Wilcoxon rank sum test was 

performed with the wilcox.test function in R to assess whether variability is greater in 

CDR/HV regions as compared to FRs in the V gene. R/S ratios for CDR/HV and FR were 

assessed by dividing the inferred replacement substitutions by the inferred silent 

substitutions extracted from the MiXCR ‘exportAlignments’ output. 

2.3. Results 

2.3.1. Single nuclei RNA sequencing reveals immune cell heterogeneity in shark 

spleen 

While cartilaginous fishes hold a key phylogenetic position, being the most 

evolutionary distant group from mammals to also possess an Ig-based adaptive immune 

system [218], surprisingly little is known of the immune cell types contributing to their 

immune responses. Thus, to determine the immune cell types present in the nurse shark 

spleen we performed RNA sequencing on single nuclei (snRNA-seq) isolated from two 

animals, euthanized at day (D)40 and D50 after subcutaneous immunization in the pectoral 



67 

 

fin with PE (Supplementary Table 2.1, see Appendix A.2 for supplementary materials). 

The sequence data was mapped against the whale shark (Rhincodon typus) genome [283], 

the closest relative to nurse shark with a high-quality annotated genome. The cross-species 

mapping was optimized to recover data typical of snRNA-seq studies performed by 

mapping to a species-specific genome (see Section 2.2.5; Supplementary Table 2.2). 

Specifically, we recovered 2,281 and 7,138 nuclei for samples 1 and 2, respectively, with 

a median number of genes expressed per cell of 1,414 and 1,133, for samples 1 and 2, 

respectively (Supplementary Table 2.3). Per sample graph-based clustering revealed high 

consistency between the nuclei transcriptomes for both samples (Supplementary Figure 

2.1). Integrative analysis combining samples identified 22 unique cell clusters, 

representing 9,419 nuclei (Figure 2.1A; Supplementary Table 2.3). A list of marker genes 

for each cluster defined against the background of all other clusters is provided in electronic 

Supplementary Table 2.4; all loci are identified per their annotation in the whale shark 

genome. 

Six distinct B cell clusters were identified (B1-B6), each showing significant 

transcript levels of Cd79b and Blnk, associated with B cell receptor (BCR) signaling, and 

Pax5, a master transcription factor for commitment to the B cell lineage (Figure 2.1B). T 

cells were present in 3 clusters (T1-T3) based on expression of the co-stimulatory receptor 

Cd2, genes associated with the TCR signaling complex including Lck and Zap70, and 

Bcl11b, encoding a transcription factor associated with T cell development (Figure 2.1B). 

The T cell clusters also showed high transcript levels of T cell associated transcription 

factors Runx3, Gata3, and Nfatc2 (Supplementary Table 2.4). Several clusters (My1-My3) 

were attributed to the myeloid lineage based upon expression of transcription factors 
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associated with macrophage/dendritic cell (DC)-like fates, including Irf4, Irf8, Batf3, and 

Id2 (Figure 2.1B). A single natural killer (NK) cell cluster was identified based upon the 

expression of perforin 1 (Prf1) and granzyme-K-like loci (Gzmk), but low/no expression 

of TCR-associated genes. Both erythrocytes and thrombocytes are nucleated in 

cartilaginous fishes [284]; accordingly, we identified two erythrocyte clusters (Er1 and 

Er2) based upon erythropoietin receptor (Epor) and high levels of hemoglobin alpha (Hba) 

transcript, and a single thrombocyte cluster (Thr) based on Itgb3 transcript. The remaining 

non-immune cell clusters are likely endothelial/epithelial-like cells of the vasculature (E1-

E3; expressing Vegfr-1, Abi3bp, and Stab1) and stromal (Str1-Str3; expressing Npnt, Wt1, 

and St5). Str3 also express neurotransmitter receptors (e.g., Drd2) and axon guidance 

molecules (e.g., Ntgn1), suggesting neuronal function (Supplementary Table 2.4). The 

snRNA-seq global clustering thus provided a foundation to establish the immune cell types 

participating in the nurse shark humoral response. 
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Figure 2.1. Single-cell transcriptome of the nurse shark spleen post immunization. 

 

A. Integrated UMAP plot of 22 transcriptionally distinct cell clusters gained using snRNA-seq from splenic 

tissue of two immunized nurse sharks. B. Violin plots showing the expression of key marker genes used to 

determine the identity of cell clusters. 
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2.3.2. Shark B cell sub-populations exhibit centrocyte- and centroblast-like transcript 

profiles and are spatially segregated in splenic follicles 

Given the presence of multiple B cell clusters in our UMAP, I examined the list of 

genes differentially expressed in each B cell cluster, attempting to classify them in finer 

detail. Cluster B2 exhibited markedly higher transcript levels of Flt3 compared to cluster 

B1 (Figure 2.2A); the Flt3 cytokine receptor is upregulated on activated mature B cells 

[285, 286]. Cluster B2 also expressed higher Nfkb1 than cluster B1, indicative of NF-κB 

signaling which occurs downstream of BCR-antigen engagement [287], along with 

multiple members of the MAP kinase cascade (Supplementary Table 2.4). Thus, cluster B1 

likely represents naïve splenic B cells, while cluster B2 represents antigen-experienced, 

activated B cells.  

Cluster B3 cells were enriched for transcripts associated with antigen presentation via 

the MHC class II pathway. These included Gilt, a lysosomal thiol reductase that facilitates 

antigen processing, Cd74, the invariant chain associated with MHC II-peptide complex 

formation, and loci annotated as mouse H2aa-like and human Hla-drb1-like MHC class II 

chains (Figure 2.2A). Further, Il21r and Fasr were transcribed at a markedly higher level 

in cluster B3 compared to the other B cell clusters (Figure 2.2A). Together, these data 

suggest that B3 cells are centrocyte-like, which I expect to both present antigen to helper 

T cells for selection by the MHC II pathway and, in turn, receive survival signals in the 

form of co-stimulation and IL-21 signaling via IL-21R [288] or be eliminated from the 

selective process through Fas-mediated apoptosis [289]. In contrast, cluster B4 cells 

exhibited much higher transcript levels of the proliferation marker Mki67 than other B cell 

clusters (Figure 2.2A). Other significant cluster-defining genes associated with 
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proliferation and mitosis in cluster B4 include Kif11, Uhrf1, Top2a, Nusap1, Aspm, Knl1, 

and Cdca8 (Supplementary Table 2.4). Cluster B4 thus appears to correspond to actively 

proliferating centroblast-like B cells.  
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Figure 2.2. Characterization of B cell clusters identified in nurse shark spleen and expression patterns 

of AID in B cell follicles. 

 

A. Violin plots showing the expression of key marker genes used to characterize B cell clusters. B. RNA 

FISH microscopy images showing transcript patterns of Cxcr4 (green) and Cxcr5 (red) in spleen samples 

harvested from individual nurse sharks at various time points post-immunization (D10-D50). C. RNA FISH 

microscopy images showing transcript patterns of Ignar (green) and Aicda (red) in B cell follicles of nurse 

shark spleen at various time points post-immunization (D10-D50). D. Representative RNA FISH microscopy 

image showing Aicda (red) transcript forms a ring around the periphery of the B cell follicle, identified by 

Ignar (green) transcript, in the spleen of a nurse shark at D30 post-immunization. E. Representative RNA 

FISH microscopy images of overlapping transcript patterns of Cxcr4 (green) and Aicda (red) in the spleen of 

nurse sharks at D30 and D50 post-immunization. Cell nuclei are stained with DAPI in all images (blue). 
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In mammalian GCs, expression of the chemokine receptor CXCR4 directs B cells 

to the DZ, while CXCR5 retains B cells in the LZ. Correspondingly, cluster B3 exhibited 

higher transcript levels of Cxcr5 than cluster B4, while cluster B4 displayed low levels of 

Cxcr4 transcript (Figure 2.2A). To determine whether shark centroblast-like (B4) and 

centrocyte-like (B3) cells are spatially segregated, as in mammalian GCs, I had RNA FISH 

probes designed against nurse shark Cxcr4 and Cxcr5 [274] and I probed spleen sections 

from animals immunized with PE and sacrificed at D10, D30, D40, and D50 post 

immunization. My RNA FISH data revealed that nurse shark B cell follicles possess a 

central CXCR5+ zone transitioning to a peripheral CXCR4+ zone (Figure 2.2B). 

I inferred B cell clusters B5 and B6 to be plasmablasts and plasma cells respectively, 

based upon dramatically reduced Pax5 transcript levels in both clusters (Figure 2.1B) and 

strong upregulation of Irf4, a master transcription factor critical for the development and 

maintenance of plasma cells and their differentiation into plasmablasts through the 

induction of Blimp-1 (Figure 2.2A). Indeed, B6 exhibited high Prdm1 (the gene encoding 

Blimp-1) transcript levels, in addition to several genes associated with the ER/Golgi protein 

synthesis/secretion (e.g., Sec24d, Lman1, and Fam46c; Supplementary Table 2.4) and the 

co-chaperone Mzb1 (Figure 2.2A), indicative of high-level secretory Ig production. Based 

upon our snRNA-seq and my RNA FISH data I propose that, much as occurs in mammals, 

the nurse shark splenic B cell response involves activation of antigen-specific B cell clones 

that transition into centrocyte-like B cells able to present antigen while undergoing BCR-

based selection and highly proliferative centroblast-like B cells, with selected clones finally 

differentiating into Ig-secreting plasma cells. 
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2.3.3. Transcription of AID and CXCR4 overlap in the nurse shark spleen 

Given that AID is a definitive marker of hypermutating B cells [64], and shark Ig 

transcripts show very high levels of SHM [267], I expected to identify expression of the 

AID encoding gene Aicda in some of the nurse shark B cell clusters defined by snRNA-

seq. However, the whale shark genome annotation used for snRNA-seq lacks an Aicda 

gene, and despite efforts to add the nurse shark gene to our analysis manually (see Section 

2.2.5), we failed to identify significant expression in any nurse shark B cells within the 

limits of snRNA-seq. 

Therefore, to ascertain if any B cells in the nurse shark spleen express AID, I had 

RNAscope probes designed for nurse shark Aicda and Ignar, a heavy chain only Ig-isotype 

found in sharks [245]. AID transcript could be seen within the splenic B cell follicles of all 

animals sampled (Figure 2.2C). Most interestingly, the cells transcribing Aicda formed a 

ring-like pattern at the periphery of the follicle (Figure 2.2D). Co-probing for Cxcr4 and 

Aicda demonstrated the zone of CXCR4 transcription overlapped that of AID (Figure 

2.2E). This suggests that, like B cells in the mammalian GC DZ, some shark B cells express 

AID and CXCR4 but, unlike mammals, these cells are localized at the periphery of the B 

cell follicles. 
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2.3.4. Attempt to quantify CXCR4 and AID expression by RT-qPCR 

 To prove there was a correlation between CXCR4 and AID expression, I attempted 

to quantify RNA levels of both genes by RT-qPCR. Total RNA was extracted from spleen 

samples from each animal (D10-D50) and used to make cDNA. Primer pairs were designed 

for use in RT-qPCR experiments as detailed in Table 2.1. Designing primers that would 

accurately amplify AID without off-target amplification was difficult due to the GC-rich 

nature of the relatively short AID sequence (~600 bp). However, after testing multiple 

primer sets by conventional PCR, two primer sets were established that could amplify AID, 

and one primer set was identified that could amplify CXCR4. 

 Unfortunately, many technical difficulties prevented any accurate quantification of 

AID and CXCR4 expression levels amongst the animals sampled. Technical replicates 

showed extremely high variability and so reliable transcriptional levels for either AID or 

CXCR4 could not be established across the time points sampled post-immunization. 

Additionally, melt curves for the AID primer sets often displayed multiple peaks, 

suggesting multiple products and obscuring data interpretation. I attempted to correct for 

both inconsistent expression levels/high Ct values as well as poor AID amplification by 

varying the amount of input cDNA into qPCR wells and altering the melting temperature 

of the qPCR runs, but neither adjustment improved the consistency of the data obtained. 

Due to this, I was unable to verify any correlation in expression levels between CXCR4 

and AID. 
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2.3.5. Sharks possess a T cell subset with phenotypic resemblance to mammalian T 

follicular helper cells 

As detailed above, three UMAP clusters were identified as T cells (T1-T3), all 

exhibiting high transcript levels of the TCR signaling complex molecule Cd3z (Figure 

2.3A). While the specific expression of Cd8a in cluster T2 is consistent with a CD8 killer 

T cell population, this cluster lacks expression of genes encoding perforin 1 or granzyme 

K-like, which were specific to the NK cluster (Figure 2.1B). However, T2 does show 

specific expression of Fasl, associated with Fas-mediated T cell cytotoxicity [290, 291], as 

well as the proinflammatory cytokine Cxcl10 [292], suggesting CD8 killer T cell-like 

functionality. I also identified cluster T3 as a likely γδ T cell population based on 

expression of Sox13, a master transcription factor that regulates γδ T cell and γδ-like cell 

fate in both jawed and jawless vertebrates [181, 293]. CD4 has not been found in any 

cartilaginous fish species examined to date [190], but there is evidence for CD4 helper T 

cell subsets in cartilaginous fishes [191]. Based upon the presence of Cd3z and absence of 

Cd8a/Sox13, the cells in cluster T1 are most likely the shark-equivalent of mammalian 

CD4 T helper cells.  

To explore the spatial distribution of T cells within the shark spleen, I had an RNA 

FISH probe designed for nurse shark Cd3e, a key component of the TCR signaling complex 

retained as a single copy gene in nurse shark [273]. Probing for Cd3e transcript revealed 

(1) aggregates of T cells localized in the extrafollicular space which, particularly at later 

time points (D30-50) post-immunization, associate more closely with the borders of B cell 

follicles, and (2) individual CD3e+ cells dispersed throughout the B cell follicles (Figure 

2.3B), a distribution reminiscent of mammalian Tfh cells in GCs.  
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Based upon the presence of many T cell subset-defining molecules in cartilaginous fish 

sequence datasets, it is predicted that sharks can generate a mammalian-like repertoire of 

T helper subsets, including a Tfh-like subset [191]. We therefore performed a subcluster 

analysis on the original T1-T3 clusters to explore additional cellular heterogeneity and 

attempt to identify a Tfh-like subset (Figure 2.3C). 7 distinct T cell subclusters (Tsc1-Tsc7) 

were identified, with Tsc6 (comprising 90 nuclei) expressing numerous markers indicative 

of a Tfh-like phenotype (Figures 2.3C-2.3D). These included Cxcr5 and Cd40l, suggesting 

Tsc6 cells localize to B cell follicles and can provide co-stimulatory signals. Tsc6 also 

specifically expressed Ox40 and Il21r, both known markers of mammalian Tfh cells [294, 

295]. Finally, Tsc6 specifically expressed the chemokine ligand Ccl20 and the adhesion 

molecule Slamf6, both of which promote stable Tfh-B cell interactions in mammals [296, 

297]. The nuclei composing this subcluster were primarily derived from the T1 cluster, the 

hypothesized shark CD4-like cells (Figure 2.3E). Collectively, the snRNA-seq and FISH 

data indicate that Tsc6 is a shark Tfh-like subset capable of providing co-stimulatory 

signals to B cells to facilitate clonal selection. Further, our data suggest the presence of 

other CD4+-equivalent T cell subsets among the subclusters, but a more comprehensive 

annotation of T cell subset-discriminating cytokines in shark genomes - a non-trivial task 

[190-192] - is required to make definitive identifications. 
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Figure 2.3. Characterization of T cell clusters and a population of Tfh-like cells in the nurse shark 

spleen. 

 

A. Violin plots showing the expression of key marker genes used to characterize T cell clusters. B. RNA 

FISH microscopy images showing transcript patterns of Ignar (green) and Cd3e (red) in spleen samples 

harvested from different nurse sharks at various time points post-immunization (D10-D50). Cell nuclei are 

stained with DAPI (blue). C. UMAP performed after sub-clustering of T cells extracted from the global 

dataset. D. Violin plots showing the expression of marker genes corresponding to T follicular helper (Tfh) 

cell function in mammals, across the T cell subclusters. E. UMAP plot of the original T cell clusters (Figure 

2.1A), demonstrating that Tsc6 is largely derived from within T cell cluster T1. 
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2.3.6. The shark spleen contains cells capable of presenting intact antigen to B cells 

Mammalian GCs are polarized so that mutation and proliferation of B cell clones 

occurs in the DZ, while Darwinian selection of B cell clones occurs in the LZ. While clonal 

selection is facilitated by survival signals from Tfh cells, it also requires the presentation 

of antigen by specialized antigen presenting cells (APCs) allowing B cells to test their BCR 

for antigen-specificity [reviewed in ref. 57]. In mammals, these APCs are follicular 

dendritic cells (FDCs), which, unlike conventional dendritic cells (cDCs) derived from 

bone-marrow hematopoietic stem cells, are of stromal origin [76]. FDCs capture and retain 

antigen in immune complexes with minimal degradation to preserve non-linear epitopes 

for BCR recognition [75, 81]. Thus far true FDCs have only been found in mammals and 

birds. However, it is increasingly apparent that some mammalian cDCs can present intact 

antigen [reviewed in ref. 298], while “double-duty” myeloid cells which are hypothesized 

to fulfill the functional roles of both cDCs and FDCs have been discovered in the 

amphibian Xenopus laevis [217]. Here, I sought to determine if any of the myeloid cells 

present in the nurse shark spleen might present intact antigen to facilitate B cell clonal 

selection. 

 Our snRNA-seq data revealed that My1-My3 expressed genes associated with 

MHC class II antigen-presentation, including H2aa-like and Hla-drb1-like loci, Gilt, and 

Cd74 (Figure 2.4A). This indicates that cells from these clusters have potential to function 

as professional APCs. Further, APC-associated markers expressed in myeloid clusters 

include Cd83, expressed on activated DCs [299], the genes encoding integrin alpha M and 

integrin alpha X (Cd11b and Cd11c, respectively), Icam3, a cell adhesion molecule, and 

Cd9, a tetraspanin expressed in APCs [300, 301]. Expression of the complement receptor 
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of Ig family gene, Vsig4, was found across My1-My3, but no other complement receptors 

or IgFc receptors were present among the cluster-defining marker genes (Figure 2.4A). 

This was not surprising given these receptor families evolve quickly and so their 

identification in non-mammalian species is extremely challenging. However, the absence 

of such markers makes it difficult to predict if any of the myeloid cell clusters within our 

snRNA dataset can capture immune complexes and present intact antigen for the selection 

of antigen-specific B cells.  

Requiring a different approach, I took advantage of the fact that PE, the antigen 

used for immunization, is naturally fluorescent when intact. Spleen sections taken from the 

sharks at D10, D30, D40, and D50 post immunization were stained with monoclonal 

antibodies raised against nurse shark IgL, effectively labeling all IgM+ B cells, or IgNAR, 

which lacks IgL. While PE signal was not found in the B cell follicles at D10, some 

particles of PE were observed within the follicles as well as the extrafollicular space at D30 

(Supplementary Figure 2.2A). By D40 I observed a reticular pattern of PE signal in the 

center of both IgM+ and IgNAR+ B cell follicles (Figure 2.4B and Supplementary Figure 

2.2A). PE signal was not seen in other tissues (kidney, liver, epigonal, muscle) examined 

(representative images from D50 shown in Supplementary Figure 2.2B). 

Immunofluorescence microscopy performed with an anti-PE antibody confirmed the 

florescent signal observed at D40 was indeed unprocessed PE (Supplementary Figure 

2.2C). Further, composite images generated from several D40 spleen sections (Figure 2.4C 

and Supplementary Figures 2.3-2.9) showed that, on average, 58% of IgNAR+ B cell 

follicles had accumulated PE, with approximately half (~53%) the area of each follicle 

being a “zone of antigen presentation” (Figure 2.4D). Unfortunately, I did not observe this 
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pattern of antigen presentation in the D50 animal, although antigen was present in the 

extrafollicular space (Supplementary Figure 2.2A). However, slight variation in the timing 

of the response between individuals is unsurprising given these are unrelated, outbred 

animals. Regardless, my data show that nurse sharks are capable of trafficking antigen from 

the periphery to the splenic B cell follicles, where it is presented in a nondegraded form 

that preserves epitopes for BCR recognition. 
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Figure 2.4. Characterization of myeloid cells and presentation of nondegraded antigen in the nurse 

shark spleen.  

 

A. Violin plots showing the expression of key marker genes used to characterize myeloid cell clusters. B. 

Fluorescence microscopy images showing representative staining of monoclonal antibodies targeting IgNAR 

and light chain of IgM (green) in nurse shark B cell follicles, with R-phycoerythrin (PE) fluorescent signal 

(magenta) present in the center of B cell follicles at D40 post-immunization. Cell nuclei are stained with 

DAPI (blue). C. Representative composite fluorescence microscopy image of spleen section at D40 post-

immunization stitched together from multiple images taken with the 10X objective. Section is stained with 

monoclonal antibody labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural 

PE fluorescent signal is captured (magenta). This image is provided at high resolution in Supplemental Figure 

2.3. D. Percent of total B cell follicles, identified by IgNAR staining, that contain PE (PE+) or do not contain 

PE (PE-) as measured in seven composite images of spleen sections taken at D40 post-immunization 

(Supplemental Figures 2.3-2.9). The area (μm2) occupied by PE was measured in each antigen positive (PE+) 

follicle and expressed as a percentage of the follicular area as delimited by IgNAR staining.  
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2.3.7. VNAR clones isolated from nurse shark splenic follicles show evidence of 

antigen-driven selection 

In mammalian GCs, SHM introduces mutations into Ig variable (V) regions. 

Subsequent selection of B cell clones whose BCRs have accumulated mutations that 

improve their antigen binding strength [reviewed in ref. 57] results in affinity maturation 

of the humoral response. This process leads to a preponderance of non-

synonymous/replacement mutations in the complementarity determining regions (CDRs) 

relative to the framework regions (FRs) [302]. Thus, if shark splenic follicles support the 

selection of antigen-specific B cell clones in a manner akin to mammalian GCs, I would 

predict a similar bias in the mutational profile of shark IgNAR V regions. To test this 

hypothesis, I used laser microdissection (LMD) to isolate IgNAR+ follicles from spleen 

sections of the animal sacrificed at D40 post-immunization and which showed extensive 

follicular PE presentation (Figure 2.4B). Using PCR primers targeting the FRs, I amplified 

and sequenced the IgNAR variable domains (VNARs) derived from follicles using 

Illumina sequencing, recovering ~1.4×106 V segment ORFs, encoding ~118,000 unique 

VNARs. Analysis of these VNAR sequences was conducted in collaboration with Dr. 

Anthony Redmond (Smurfit Institute of Genetics, Trinity College Dublin). 

Shark IgNAR genes are arranged in clusters, each containing a single variable (V) 

segment, three diversity (D) segments, and a joining (J) segment. The V segment lacks 

CDR2 but, in addition to CDR1, encodes two additional hypervariable loops, designated 

HV2 and HV4, which can also participate in antigen binding [reviewed in ref. 248]. Using 

our VNAR dataset we examined amino acid variability compared to germline across the 

length of the V segment. By the Wu-Kabat Variability Coefficient [282], variability was 
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significantly greater in the CDR/HVs than the FRs (Figure 2.5A). This was more apparent 

when only the top 100 most abundant VNARs (representing ~1×106 sequences) were 

analyzed (Figure 2.5A), suggesting these clones have undergone selection and received 

help to proliferate. Low frequency VNARs outside the top 100 likely include many dead-

end clones with mutations that would be eliminated by apoptosis during selection. The ratio 

of replacement to silent mutations (R/S) can also be used as a measure of antigen-driven 

positive selection. As expected, we saw a higher R/S ratio in the CDR/HVs than the FRs 

of our VNAR dataset (Figure 2.5B). Our results confirm positive selection of replacement 

mutations in the IgNAR CDRs/HVs, indicating that shark B cell follicles do indeed support 

antigen-driven selection of B cell clones.  
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Figure 2.5. Mutation analysis of IgNAR variable regions isolated from nurse shark B cell follicles by 

laser microdissection.  

 

A. Wu-Kabat amino acid variability across the IgNAR V genes showing comparison of the variability of the 

FRs compared to the CDR/HVs. Results shown for the full dataset (top), and the top 100 most abundant 

distinct sequences with total sequence counts in brackets. The sequences shown on the X axis is the most 

abundant V sequence recovered (count: 678,741). P values shown are for Wilcoxon rank sum test of all 

CDR/HV sites vs. all FR sites. B. R/S ratios of the CDR/HVs and FRs of the IgNAR V genes for the full 

dataset (left) and the top 100 most abundant distinct sequences (right). 
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2.4. Discussion 

Prior to this study, the reported absence of GCs [196, 197] or potentially analogous 

structures [212] in cartilaginous fishes lay at odds with accumulating data showing that 

sharks can produce robust antigen-specific responses following immunization, mature the 

binding affinity of their B cell repertoires, and maintain immunological memory for many 

years [260, 266, 268]. The data presented here demonstrate that sharks, and by inference, 

the common jawed vertebrate ancestor, possess(ed) many of the fundamental components 

for B cell selection as are found in the GCs of endothermic vertebrates. First, sharks possess 

AID-expressing, CXCR4+ centroblast-like and CXCR5-high centrocyte-like B cells. These 

populations reside in different regions of the follicle, thus separating proliferation and AID-

mediated SHM of Ig-genes from selection of antigen-specific BCRs. Second, cells with 

functional similarity to mammalian Tfh cells are present in the nurse shark splenic follicles 

and express many genes known to provide co-stimulation and facilitate B cell clonal 

selection. Third, professional APCs are present in the nurse shark spleen, and some 

mechanism exists for presenting nondegraded antigen in the center of B cell follicles, thus 

permitting the selection of BCRs against multiple antigenic epitopes. Fourth, shark Igs are 

subject to AID-mediated SHM, and positive selection of antigen-binding clones occurs. 

Unlike the mammalian GC, which forms as a distinct structure within the follicle, B cell 

selection in sharks utilizes the whole follicle. Further, my data suggest that B cell clones 

compete for antigen binding and co-stimulatory signals from Tfh-like cells in the center of 

the follicle, before migrating in a CXCR4-directed fashion to the periphery of the follicle 

to proliferate and mutate their receptors (Figure 2.6). If shark B cells move between these 

two stages in iterative rounds of Darwinian selection, akin to the LZ/DZ cycling of 
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mammalian GC reactions [57], before exiting as fully differentiated plasma cells remains 

to be determined. However, shark Ig transcripts show exceptionally high rates of SHM 

with a high proportion of tandem mutations [267, 303] and families of antigen-specific 

IgNAR clones have been found that share many mutations in common, but are uniquely 

mutated at multiple other sites [266]. This strongly suggests shark B cells undergo limited 

rounds of selection with high mutational loads per round. Such a strategy would result in 

the rapid diversification of antigen-specific B cell clones and ensure that a diverse memory 

repertoire is established.  
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Figure 2.6. Proposed model of B cell selection in the nurse shark spleen.  

 

Nurse shark B cell follicles are organized around a central arteriole (CA) in the spleen. My data reveal that 

antigen is transported from the periphery to be presented in the central region of B cell follicles by an 

unknown APC subtype, likely of the myeloid lineage. Antigen-binding B cell clones are selected in this 

region then migrate to the periphery of the follicle, where they undergo proliferation and express AID which 

mediates SHM. Further, my data suggest that, as in mammals, movement of B cell clones between the inner 

selection zone (LZ-equivalent) and peripheral proliferation/SHM zone (DZ-equivalent) is dictated by 

alternating expression of the chemokine receptors CXCR5 and CXCR4. In addition to T cell aggregates 

located at the border of the follicle, a shark Tfh-like cell population located within the follicle is seemingly 

able to provide co-stimulation to antigen-specific B cells. 

 

 

 

 

 

 



89 

 

I propose that the B cell selection sites identified herein represent the evolutionary 

foundation of GC-based selection. The emergence of the spleen, or, more specifically, 

splenic follicles in the jawed vertebrate ancestor, seemingly provided a central location for 

sequestration of antigen from the periphery, increased the likelihood of cognate B-T cell 

interactions, and provided focused zones for B cell SHM/clonal selection. However, given 

the reportedly low increases in antibody affinity over the course of a primary response in 

cartilaginous fishes and other ectothermic vertebrates [266], B cell selection in these 

lineages appears to be driven by something other than receptor affinity. I support the 

suggestion [150] that the main advantage of SHM/selection in the jawed vertebrate 

ancestor was likely the generation of a diverse repertoire of memory clones, thus providing 

protection in the event of repeat exposure to a rapidly mutating pathogen. If this is indeed 

the case, then what selective advantage did the evolution of GCs confer upon birds and 

mammals? Seeded by antigen-activated B cells, the distinct microanatomical structure of 

the GC seemingly focuses the selection process, thereby increasing competition for antigen 

and T cell help. This, in turn, should facilitate faster, and more efficient, selection of 

antigen-specific B cells, e.g., compared to sharks, which need to orchestrate selection 

across the entire follicle. Indeed, the GCs of birds are even organized much like the 

follicular organization in nurse shark, with a central “LZ-like” region and peripheral “DZ-

like” ring containing proliferating B cells [226], but on a smaller scale. Thus, antigen-

specific antibody titers peak much earlier in mammals (days to weeks) than sharks 

(months) [260], almost certainly providing an advantage during the switch to endothermy 

and faster replication of potential pathogens. As we gain a better understanding of B cell 
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selection in a diverse range of jawed vertebrates, we should be able to formally test this 

hypothesis. 
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Chapter 3: BCL6 is expressed in nurse shark splenic follicles and possibly regulates 

B cell responses 

3.1. Introduction 

As I had identified B cell selection sites in the nurse shark spleen with the functional 

hallmarks of mammalian germinal centers (GCs) in Chapter 2, I next investigated if the 

master transcription factor B cell lymphoma 6 protein (BCL6) plays a similar regulatory 

role in sharks as in mammals. The BCL6 protein is a transcriptional repressor with an N-

terminal BTB/POZ domain and C-terminal zinc finger (ZF) DNA binding motifs. The BTB 

domain is highly conserved across BTB-ZF family member proteins [304] and promotes 

dimerization, as shown by the crystal structures of BCL6 [305] and promyelocytic 

leukemia zinc finger protein (PLZF) [306]. BCL6 exerts transcriptional repression by 

recruiting histone deacetylase complexes directly  or indirectly via corepressors to BCL6 

recognition sites [101, 102].  BCL6 corepressors include BCOR, SMRT, and NCOR2 [307-

309], and these associate in a mutually exclusive fashion with identical residues of the BTB 

domain [305, 307]. The ZF domain of BCL6 binds sequence specific DNA motifs that 

direct BCL6 to target gene promoters [310, 311]. Studies suggest a large set of promoters 

in the genome can be targeted for BCL6 repression, particularly genes that are oncogenic 

in nature [107, 110]. 

In mammals, BCL6 controls the differentiation of both GC B cells [98, 99] and Tfh 

cells [89-91]. Naïve mature B cells express BCL6 transcript and upregulate translation of 

BCL6 protein upon entering the GC reaction [98, 99]; this is partly due to antigen 

engagement of the BCR [99, 312]. IRF8 has been shown to induce BCL6 transcription 

[100], but other molecular mechanisms controlling BCL6 expression remain unknown. 
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BCL6 exerts transcriptional repression to retain B cell clones within the GC. The role of 

BCL6 in GC B cells appears to be primarily to prevent premature activation and PC 

differentiation via B cell receptor (BCR) and CD40 signaling [108] and to regulate the 

DNA damage response [107]. BCL6 regulation of BCR and CD40 signal transduction 

appears to occur through repression of associated downstream signaling pathways such as 

Ca2+-mediated signaling, MAPK, and NF-κB [105, 111]. Further, several of these 

pathways have been shown to regulate BCL6 in turn [106, 112]. BCL6 also represses 

expression of the p53 tumor suppressor gene and constitutive expression of BCL6 protects 

B cells from DNA damage-induced apoptosis [109]. BCL6 has been implicated in the 

regulation of several other DNA damage sensors [313, 314] and regulators of the cell cycle 

[315], underscoring its role in controlling the highly proliferative and mutable environment 

of the GC. Ultimately, GC B cells that receive sufficient CD40 signal will express IRF4, 

which downregulates BCL6 [111, 112] and promotes expression of  Blimp-1 for PC 

differentiation [113]. In a similar manner, BCL6 and Blimp-1 are reciprocal regulators of 

Tfh cell differentiation, with BCL6 acting as a master regulator for this T cell lineage [89, 

90]. BCL6 represses many promoters within Tfh cells and regulates several pathways 

including cell migration, T cell receptor (TCR) signaling, and repression of alternative T 

cell lineage differentiation [316]. 

The importance of BCL6 for the GC reaction is evidenced by the fact that BCL6 

knock out mice fail to form GCs or undergo affinity maturation [317, 318]. The 

evolutionary ancient role of BCL6 in regulating B cell responses is demonstrated by the 

upregulation of BCL6 in the B cell lymphocyte analogs, VLRB cells, found in jawless 

fishes [181].  Thus, I hypothesized that BCL6 also plays a role in regulating cartilaginous 
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fish B cell responses. Supporting this idea, BCL6 expression was detected in the snRNA-

seq dataset discussed in Chapter 2 (electronic Supplementary Table 2.4), but was not found 

to be a significant marker for any B cell clusters or the Tfh-like cluster, intimating 

translational regulation like mammalian BCL6. Thus, I sought to generate both RNA FISH 

probes and a polyclonal antibody (pAb) reagent to detect nurse shark BCL6 mRNA and 

protein expression, respectively, in the nurse shark spleen.  

3.2. Materials and methods  

3.2.1. Identifying nurse shark BCL6 sequence 

Target gene mRNA sequence for whale shark (Rhincodon typus) BCL6 was 

obtained from a whale shark transcriptome (accession number XM_020532028) and was 

submitted to Advanced Cell Diagnostics to design RNA FISH probes. Nurse shark 

(Ginglymostoma cirratum) BCL6 was later identified from a nurse shark multi-tissue 

transcriptome (Bakke et al., manuscript submitted) and found to match whale shark BCL6 

with >99% identity at the protein level by NCBI protein BLAST.  

 To confirm that the nurse shark BCL6 sequence identified corresponded to a true 

BCL6 homolog, a phylogenetic tree was used to compare the sequence to BCL6 sequences 

from other species and the sequences for PLZF, a related BTB/POZ domain transcription 

factor family. NCBI accession numbers for these sequences are shown in Table 3.1. The 

GUIDANCE2 server [319] was used to align the sequences using the PRANK algorithm. 

After inspecting the multisequence alignments (MSA) produced, the data sets were filtered 

to remove residues with a confidence score below 0.020. The MSAs were then saved and 

copied to Simple Phylogeny tool (EMBL-EBI) to generate a neighbor-joining phylogenetic 
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tree. The resulting BCL6/PLZF tree was visualized and rendered in FigTree v1.4.4 

(http://tree.bio.ed.ac.uk/software/figtree/). 
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Table 3.1. Accession numbers for sequences used for BCL6 multiple sequence alignments and 

phylogenetic analysis. 
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3.2.2. Fluorescence in situ hybridization (FISH) 

RNA fluorescence in situ hybridization (FISH) experiments were performed using 

Advanced Cell Diagnostics RNAscope Multiplex Fluorescent V2 Assay as detailed in 

Section 2.2.3. Probes were designed and manufactured by Advanced Cell Diagnostics 

based on sequences submitted.  

3.2.3. Selection of peptides to generate nurse shark BCL6 polyclonal anti-serum in 

mice 

 The whale shark BCL6 protein sequence (NCBI accession number XP_020387617) 

was used as input for the AbDesigner program [320] to identify peptides of 15 amino acids 

in length and containing epitopes of 7 amino acids that would be suitable for 

immunizations. AbDesigner returned 700 potential peptides ranked by immunogenicity; 

the top 100 peptides were selected for further analysis. Using the Clustal Omega multiple 

sequence alignment tool (EMBL-EBI), each peptide was aligned with whale shark BCL6 

and mouse BCL6 (NCBI accession number NP_001334955.1) protein sequences. Any 

peptides aligning to 5 consecutive amino acids within conserved regions of the mouse and 

whale shark BCL6 sequences were dropped; this removed 36 peptides. The remaining 

peptides, corresponding to the non-conserved regions, were used as queries for NCBI 

BLASTP searches against Chondrichthyes (taxonomic ID 7777) and mouse (taxonomic ID 

10090) to determine their uniqueness compared to other cartilaginous fish and mouse 

protein sequences based on E values (shark E values ranged from 0.1<E<10 and mouse E 

values ranged from 0<E<5). Combined with the immunogenicity rankings from 

AbDesigner, the BLASTP E values were used to select the top 5 peptides most likely to be 

immunogenic while also having low homology to non-target shark and mouse protein 
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sequences. Finally, these peptides were confirmed to align to the nurse shark BCL6 

sequence once it was identified. These 5 peptides were then synthesized by Genscript 

Biotech Corporation. 

3.2.4. Peptide conjugation to carrier proteins  

 Upon receipt, the nurse shark BCL6 peptides were conjugated to the carrier proteins 

ovalbumin (OVA) for immunizations and bovine serum albumin (BSA) for the screening 

of antisera. For each peptide, 10 mg was coupled to OVA and 5 mg was coupled to BSA. 

The conjugation proteins were dissolved in PBS to a concentration of 6 µmoles/mL. The 

peptides were dissolved in PBS (1 mL for OVA conjugation, 500 µL for BSA conjugation), 

then 330 µL of OVA or 165 µL of BSA were added to the dissolved peptides. Drop wise, 

100 mM glutaraldehyde solution (200 µL for peptides-OVA, 100 µL for peptides-BSA) 

was added to the peptide-carrier mixtures then incubated for 1 h at room temperature with 

shaking. The reaction was stopped by drop wise addition of 1 M glycine (60 µL for 

peptides-OVA, 30 µL for peptides-BSA) and incubation for 30 min at room temperature 

with shaking. The peptide-carrier solutions were dialyzed against PBS using Slide-A-Lyzer 

Dialysis Cassettes (2,000 MWCO, Thermo Scientific) overnight at room temperature then 

sterilized by pushing the solutions through a 0.45 µm filter syringe. Samples were aliquoted 

and stored at -20°C. 

3.2.5. Mouse immunizations with nurse shark BCL6 peptide-OVA  

 Mouse immunizations with nurse shark BCL6 peptide-OVA conjugates were 

carried out in collaboration with the laboratory of Dr. Rena Lapidus at the University of 

Maryland, Baltimore. All procedures were conducted in accordance with approved 

University of Maryland School of Medicine IACUC protocol 0219005. Three BALB/c 
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mice were immunized per peptide, with one control group receiving only vehicle (PBS) 

according to the following regimen: on day 0, mice were immunized subcutaneously with 

20 µg peptide-OVA in PBS 1:1 with CFA (total volume 100 µL). On day 7 post-

immunization, mice were boosted subcutaneously with 20 µg peptide-OVA in PBS 1:1 

with IFA (total volume 100 µL). On day 21 post-immunization, the mice were bled by 

submandibular vein to collect 100 µL of blood to check initial anti-serum titers. At 26 days 

post-immunization, the mice were boosted with 40 µg peptide-OVA in PBS, delivered 

intravenously. On day 28, all mice were euthanized, and blood and spleens were collected 

for analysis.  

3.2.6. Testing mouse antisera for nurse shark BCL6 binding 

 Mouse antisera were tested for binding to nurse shark BCL6 peptides by enzyme-

linked immunosorbent assay (ELISA). In brief, 96-well microtiter plates were coated with 

100 µL of either OVA or BSA at 10 µg/mL to check the presence of an antibody response, 

or target peptide coupled to BSA at 10 µg/mL to detect peptide-specific titers. Following 

incubation for 1 h at room temperature, wells were washed twice with 200 µl PBS then 

blocked with 200 µl per well of 3% milk powder in PBS (MPBS) for 1 h at room 

temperature. Antisera were tested either by pooling the samples from the 3 mice in each 

group or for each individual mouse. Antisera were diluted 1:100 in PBS, serially diluted 2-

fold down the plate, then incubated for 1 h at room temperature. Wells were washed 3 times 

with PBST, then incubated with 100 µl of sheep anti-mouse IgG horseradish peroxidase-

conjugated antibody (Sigma Aldrich; A6782) diluted 1:1000 in 3% MPBS for 1 h at room 

temperature. Wells were washed 4 times with PBST before signal was developed by the 

addition of 100 µl TMB liquid substrate per well. After a 5 min incubation the reaction was 
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stopped by the addition of 100 µl 1M H2SO4 and the absorbance at 450 nm read on a 

Molecular Devices SpectraMax M5 microplate reader. 

Immunofluorescence microscopy was performed on nurse shark spleen sections 

from immunized animals following the protocol in Section 2.2.2 using antisera that was 

found to have measurable antigen-specific titers against the BCL6 peptide used for 

immunization. Antisera were tested by diluting in 2% FBS/PBST at 1:100, 1:250, and 

1:500 dilutions.  

3.2.7. Generation of nurse shark BCL6 antisera in rabbits  

 The work in this section was performed as a fee-for-service project with Genscript 

Biotech Corporation (GenScript). In brief, GenScript expressed full length recombinant 

nurse shark BCL6 using a BacuVance baculovirus expression system in insect cells. 

Recombinant protein was purified by immobilized metal affinity chromatography (IMAC) 

and verified by SDS-PAGE and mass spectrometry. Recombinant nurse shark BCL6 was 

then used to immunize two New Zealand rabbits. Rabbits were immunized (day 0), and 

then boosted twice (day 14 and day 35) with recombinant nurse shark BCL6 before a test 

bleed sample was collected. After testing initial polyclonal antisera on recombinant nurse 

shark BCL6, a final boost was performed, and final bleeds taken from the rabbits. Target-

specific polyclonal antibodies (pAbs) were collected from blood by affinity purification on 

recombinant antigen. These polyclonal antibody preps were tested for binding on 

recombinant antigen by binding ELISA.  

3.2.8. Testing rabbit polyclonal antibodies for binding to native nurse shark BCL6 

 The polyclonal antibodies generated in rabbits against recombinant nurse shark 

BCL6 were tested for their ability to bind native nurse shark BCL6. To provide native 
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protein to use in subsequent ELISAs and immunoprecipitations, a mixed nurse shark spleen 

homogenate was produced by homogenizing multiple frozen spleen sections from several 

animals, in various immunization states, in RIPA lysis and extraction buffer (Thermo 

Scientific) using a Qiagen TissueLyser LT for 5 min at 40 oscillations/sec. Nurse shark 

spleen lysate was used to coat wells of ELISA plates at 1 mg/mL or 100 µg/mL, then 

binding of rabbit polyclonal antibodies was tested at a range of dilutions (1:10 – 1:10000). 

Binding was detected using a goat anti-rabbit IgG horseradish peroxidase-conjugated 

secondary antibody (Abcam) also at a range of dilutions (1:1000-10000) following the 

ELISA protocol described in section 3.2.6. The mAb LK14, detecting nurse shark Ig light 

chain, was used as a positive control alongside a rabbit IgG isotype negative control. 

 Nurse shark spleen homogenate was also biotinylated using the EZ-Link™ Sulfo-

NHS-Biotin no-weigh system according to the supplied manufacturer’s protocol (Thermo 

Scientific). Excess biotin was removed by purifying the spleen homogenate with a Thermo 

Zeba desalting spin desalting column (7K MWCO) following the manufacturer’s protocol. 

Biotinylated nurse shark spleen homogenate (150 µL, 4 mg/mL) was diluted in 850 µL 

NET-NB buffer (50 mM Tris pH 8.0, 5 mM EDTA, 150 mM NaCl, 0.5% IGEPAL, BSA 

1 mg/mL) then incubated with the rabbit polyclonal antibodies at a 1:50 dilution, alongside 

positive (LK14) and negative (isotype) controls, overnight at 4°C. Antibody complexes 

were pulled down using Protein G Sepharose 4 Fast Flow (Cytiva). Protein G sepharose 

was aliquoted to 100 µL per sample, washed 3 times with NET-N buffer (50 mM Tris pH 

8.0, 5 mM EDTA, 150 mM NaCl, 0.5% IGEPAL), spinning down the Sepharose between 

washes (13K rpm for 1 min), then incubated with samples for 3 h with rotation at room 

temperature. The loaded protein G Sepharose was washed 10 times with NET-N buffer, 
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with the final wash incubated for 1 h before spinning down. Sepharose pellets were 

resuspended in 50 µL Laemmli 2X SDS-PAGE sample buffer (Bio-Rad) and heated for 10 

min at 95°C, then loaded onto 10 well NuPAGE 4-12% Bis-Tris Gels (Invitrogen) and 

subjected to gel electrophoresis under non-reducing conditions. Following protein transfer 

to a PVDF membrane using a Trans-Blot Turbo Transfer System (Bio-Rad), the membrane 

was blocked in 3% MPBS for 1 h at room temperature. The membrane was then incubated 

with Streptavidin-HRP (1:50000 dilution in 3% BSA/PBS) to detect any 

immunoprecipitated biotinylated proteins. The membrane was washed 3 times with PBST, 

then developed with enhanced chemiluminescence Western Blotting Substrate (Thermo 

Scientific-Pierce). Membranes were imaged using an Azure c600 imager.  

 Finally, rabbit polyclonal antibodies were tested on nurse shark spleen sections for 

native nurse shark BCL6 binding by immunofluorescence microscopy as in Section 2.2.2. 

Polyclonal antibodies were tested at 1:100, 1:250, 1:500, and 1:1000 dilutions using a goat 

anti-rabbit Alexa Fluor 488 secondary antibody (Thermo Scientific) diluted 1:250 for 

detection, alongside positive and negative antibody controls. 

3.3. Results 

3.3.1. Identifying and confirming nurse shark BCL6 sequence 

 Whale shark BCL6 (accession number XM_020532028) was used to search a nurse 

shark transcriptome (Bakke et al., manuscript submitted) to obtain the nurse shark ortholog, 

graciously conducted by Dr. Fiona Bakke. The identified nurse shark BCL6 sequence was 

translated and then aligned to whale shark, human, and mouse BCL6 protein sequences 

using the Clustal Omega multiple sequence alignment tool (EMBL-EBI), analyzed for 

homology using NCBI BLASTP, and assessed for identifiable functional protein domains 
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using the InterPro tool [321]. The results of these assessments are shown in Figure 3.1. The 

putative nurse shark BCL6 sequence was found to have 60.82% sequence identity with 

human BCL6 and 99.30% sequence identity with whale shark BCL6. InterPro identified 

key functional domains within the nurse shark BCL6 sequence: the BTB/POZ domain 

(highlighted in yellow in Figure 3.1) that mediates protein-protein interactions and recruits 

corepressors for transcriptional regulation, and the zinc finger (Znf) C2H2 domain that 

mediates DNA binding for transcriptional regulators (highlighted in green in Figure 3.1).  
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Figure 3.1. Putative nurse shark BCL6 aligned to whale shark, human, and mouse BCL6 protein 

sequences. 

 

Multiple sequence alignment (Clustal Omega) of putative nurse shark (G. cirratum), whale shark (R. typus), 

human (H. sapiens), and mouse (M. musculus) BCL6 protein sequences. Asterisks indicate conserved amino 

acid residues. Analysis by InterPro also identified key functional domains expected to be in BCL6: the 

BTB/POZ domain (yellow) mediating protein-protein interactions for recruitment of corepressors, and the 

Znf C2H2 domain (green) mediating binding of the master transcription factor to DNA. 
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To further confirm that the sequence identified was truly BCL6, phylogenetic 

analysis was performed. BCL6 protein sequences from major vertebrate taxa were included 

along with those for PLZF protein (promyelocytic leukemia zinc finger), a related 

BTB/POZ domain transcription factor family protein. These were used to build a 

phylogenetic tree rooted on the lamprey (Petromyzon marinus) PLZF sequence. As 

expected, the putative nurse shark BCL6 sequence grouped with other vertebrate BCL6 

sequences, forming a clade with other cartilaginous fish (Chondrichthyes) BCL6 sequences 

(Figure 3.2A). This confirmed that the identified sequence was indeed nurse shark BCL6. 
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Figure 3.2. Phylogenetic and in situ expression analysis of nurse shark BCL6. 

 

A. Phylogenetic tree of vertebrate BCL6 and PLZF protein sequences. Tree is rooted on lamprey (Pema) 

PLZF; grouping of jawed vertebrate PLZF sequences condensed into shaded wedge for figure clarity. Nurse 

shark BCL6 (Gici) is indicated by a star; see Table 3.1 for sequence accession numbers and all other species 

abbreviations. B. Representative RNA FISH microscopy images of overlapping transcript patterns of Ignar 

(green) and Bcl6 (red) in the spleen of nurse sharks at D40 and D50 post-immunization. Cell nuclei are 

stained with DAPI in all images (blue). 
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3.3.2. BCL6 transcript patterns in the nurse shark spleen 

 Once nurse shark BCL6 had been identified, it was possible to obtain RNA FISH 

probes to investigate BCL6 transcript patterns in the nurse shark spleen. BCL6 controls 

GC B cell differentiation in mammals with all naïve B cells expressing BCL6 transcript, 

then upregulating protein translation upon the formation of GCs [98, 99]. Given the data 

in Chapter 2, I was unsure if BCL6 would play a similar role in shark B cell biology. 

However, staining nurse shark spleen sections with a combination of Ignar and Bcl6 probes 

demonstrates that B cell follicles show a complete overlap of Ignar and Bcl6 staining 

(Figure 3.2B). Shark B cell follicles can just as readily be identified by BCL6 expression 

as they can by Ig expression; this suggests that, like mammals, naïve shark B cells contain 

detectable levels of Bcl6 mRNA transcript.  

I next sought to determine if Bcl6 could also be detected in T cells present within 

nurse shark B cell follicles, previously identified by RNA FISH using a probe for Cd3e. I 

hypothesized that these intrafollicular T cells may correspond to the Tfh-like cells 

identified by snRNA-seq in Chapter 2. To confirm if these follicular T cells are indeed Tfh-

like, a combination of Bcl6 and Cd3e probes was employed. Representative images of the 

staining patterns in follicles of animals sacrificed at D40 and D50 post-immunization are 

shown in Figure 3.3A. As observed previously, Cd3e staining took the form of cellular 

aggregates in the extrafollicular space and individual cells distributed within the follicle; 

Bcl6 transcript was distributed throughout the follicle. Increasing the objective 

magnification from 10X to 20X (Figure 3.3A), up to 40X (not shown), indicates some 

overlapping Cd3e and Bcl6 signal, as would be expected for Tfh-like cells. To determine 

if other combinations of markers might also reveal cells matching a Tfh profile, Cxcr5 and 
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Cd3e probes were tested in combination, as CXCR5 is expressed on the surface of 

mammalian Tfh cells to direct them to B cell follicles [92]. Within the region of Cxcr5 

positive staining, cells positive for Cd3e transcript could be identified and, when viewed 

with the 20X objective (Figure 3.3B), several of these appear to have overlapping 

expression of Cxcr5 and Cd3e. 

 I thus had evidence of BCL6 transcript in B cells, and potentially also some T cells, 

in the nurse shark splenic follicles. I hypothesized that if shark B cells maintain BCL6 

transcript, then activated shark B cells might upregulate translation of BCL6 protein, like 

mammalian GC B cells [98, 99], even in the absence of true GCs. To determine if BCL6 

protein is being expressed in nurse shark cells, I needed to generate an antibody reagent 

that could detect native nurse shark BCL6.  
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Figure 3.3. Expression patterns of markers indicating Tfh-like cells in nurse shark spleen. 

 

A. Representative RNA FISH microscopy images of Bcl6 (green) and Cd3e (red) transcript in spleen of nurse 

sharks at D40 and D50 post-immunization, imaged with 10X and 20X objectives. Potential Tfh-like cells 

with overlapping signal of markers are indicated by arrows. B. Representative RNA FISH microscopy images 

of transcript patterns of Cxcr5 (green) and Cd3e (red) in the spleen of nurse sharks at D40 and D50 post-

immunization, imaged with 10X and 20X objectives. Cell nuclei are stained with DAPI in all images (blue). 
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3.3.3. Attempt to generate an antibody reagent to detect nurse shark BCL6 protein 

 To identify shark B cells expressing BCL6 protein, I needed an antibody reagent 

that could bind native nurse shark BCL6 in vivo. Antibody staining of BCL6 protein is 

standard practice for experiments using mouse and human tissues, so two commercially 

available monoclonal antibodies (mAbs) for mouse BCL6 (eBioscience clone GI191E and 

BD Pharmingen clone K112-91) were tested for cross-reactivity on spleen sections from 

nurse shark. Unfortunately, these antibodies did not show any staining indicative of cross-

reactivity with shark BCL6. Thus, it was necessary to generate a reagent specific for nurse 

shark BCL6.  

Using the whale shark BCL6 protein sequence (prior to identifying and confirming 

nurse shark BCL6), I first identified peptides suitable for immunizing mice. The whale 

shark BCL6 protein sequence was used as input for the AbDesigner algorithm [320]. This 

generated a list of 700 potentially immunogenic peptides, each 15 amino acids in length 

(to aid their display by MHC class II). By comparing the whale shark BCL6 sequence to 

human and mouse BCL6 and ruling out peptides found in regions conserved between the 

species, and by removing peptides also present in other cartilaginous fish proteins and 

mouse proteins, a list of nurse shark BCL6 peptides that could potentially be used for 

immunizations was determined (Table 3.2). From this list, five peptides were identified 

with high immunogenicity mapping to non-conserved, shark BCL6-unique regions. These 

peptides were later confirmed against the nurse shark BCL6 sequence (Figure 3.4) as 

suitable targets for mouse immunizations to generate polyclonal antisera.   
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Table 3.2. Potential peptides to be used in mouse immunization studies. 

 

Peptides ranked by immunogenicity as determined by AbDesigner, uniqueness compared to shark protein 

sequences as determined by NCBI BLASTP, and uniqueness compared to mouse protein sequences as 

determined by NCBI BLASTP. 

 

Figure 3.4. Peptides selected for mouse immunization highlighted on nurse shark BCL6 protein 

sequence. 
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The selected peptides were synthesized by Genscript Biotech Corporation 

(GenScript) as fee-for-service. The mouse immunizations were carried out in collaboration 

with the laboratory of Dr. Rena Lapidus at the University of Maryland, Baltimore. As per 

the immunization regimen outlined in Section 3.2.5, three mice were immunized with each 

peptide conjugated to ovalbumin (OVA). Control mice were immunized with vehicle 

(PBS) alone. All mice were bled 21 days after the primary immunization, and antisera 

tested by ELISA against OVA to confirm that the mice were responding appropriately. 

Bovine serum albumin (BSA) was used as a negative control. ELISA results of pooled 

antisera from each peptide-OVA conjugate immunization group demonstrated that all 

mouse groups generated antibody responses against the carrier protein OVA (Figure 3.5A).   

 Mouse antisera for each peptide-OVA conjugate immunization group was pooled 

then tested by ELISA against their respective peptide conjugated to BSA. Of the five nurse 

shark BCL6 peptides used for immunization, two were found to produce measurable titers 

against 10 μg/ml peptide-BSA conjugate, i.e., peptide PRK (highlighted in pink in Table 

3.2) and peptide NQS (highlighted in green in Table 3.2, peptides are identified by the first 

3 amino acids of each sequence). Mice immunized with the other peptides did not show 

binding titers above those of the vehicle control group. Testing the antisera of the individual 

mice in each peptide immunization group demonstrated that all three mice immunized with 

peptide PRK-OVA produced robust responses (Figure 3.5B), while only two mice in the 

group immunized with peptide NQS-OVA produced responses, as compared to a BSA 

negative control (Figure 3.5C).  
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Figure 3.5. Mouse responses to nurse shark BCL6 peptides. 

 

A. Mouse antisera pooled by immunizing peptide tested by ELISA for binding to carrier protein (OVA) or 

negative control (BSA) at 1:100 and 1:200 dilutions. Vehicle controls were immunized with PBS. B. Antisera 

from individual mice immunized with PRK-OVA (M1-M3) tested against PRK-BSA conjugates or BSA. C. 

Antisera from individual mice immunized with NQS-OVA (M1-M3) tested against NQS-BSA conjugates or 

BSA.  
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Given these positive preliminary results, the mice were boosted intravenously with 

peptide-OVA conjugates and final serum samples collected 7 days later (i.e., 28 days after 

the primary immunization). Testing pooled-antisera from each peptide-OVA conjugate 

immunization group by ELISA confirmed strong responses in all mouse groups to the 

carrier protein OVA compared to vehicle control (Figure 3.6A), but as previously observed, 

only the PRK-OVA and NQS-OVA groups produced responses against their respective 

peptides (Figure 3.6B).  
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Figure 3.6. Mouse responses to nurse shark BCL6 peptides after final boost. 

 

A. Mouse antisera after final boost pooled by immunizing peptide tested by ELISA for binding to carrier 

protein (OVA) or negative control (BSA) at 1:100 and 1:200 dilutions. Vehicle controls were immunized 

with PBS. B. Pooled antisera from mouse groups after final boost tested against respective immunizing 

peptide by ELISA at 1:100, 1:200, 1:400, and 1:800 dilutions. 
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Unfortunately, despite successfully producing responses to two of the five selected 

BCL6 peptides, none of the antisera collected were capable of detecting native nurse shark 

BCL6. Sera from each peptide-immunized group were pooled and tested at dilutions 

ranging from 1:100-1:1000 on spleen sections fixed with 100% acetone or neutral buffered 

formalin, as well as sections treated with Proteinase K to achieve antigen retrieval. These 

experiments were repeated with serum samples from the individual mice, then mixed 

antisera samples from both peptide groups (PRK+NQS), at the same dilution range, but 

none of these showed staining of nurse shark BCL6 protein distinct from the vehicle control 

sera (representative images shown in Figure 3.7). Binding ELISAs performed with the 

antisera on nurse shark spleen homogenate did not show significant binding relative to the 

negative controls (data not shown). Further, immunoprecipitation of biotinylated nurse 

shark spleen homogenate with the antisera did not demonstrate pull down of proteins with 

the expected molecular weight of native nurse shark BCL6 (~80 kDa). Thus, I had to 

conclude that immunization with short peptides from nurse shark BCL6 had failed to 

produce a useful research tool.  
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Figure 3.7. Representative staining of nurse shark spleen with antisera from mice immunized with 

BCL6 peptides. 

 

Fluorescence microscopy images showing representative staining of mouse antisera from mice immunized 

with vehicle control and mice immunized with nurse shark BCL6 peptides PRK, NQS, and a 1:1 mixture of 

both peptide antisera groups (green). Spleen sections stained are from a nurse shark immunized with R-

phycoerythrin (PE) and sacrificed at D40 post-immunization. All images are for 1:250 dilutions of antisera. 

PE fluorescent signal (magenta) is present in the center of B cell follicles and cell nuclei are stained with 

DAPI (blue). 
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As the immunizing antigens were only short peptides from nurse shark BCL6, I 

concluded that full length nurse shark BCL6 may permit generation of an antibody reagent 

capable of detecting protein expression in vivo. To that end, we contracted Genscript 

Biotech Corporation (GenScript) for the synthesis of recombinant full length nurse shark 

BCL6 and immunization of rabbits to produce polyclonal antibodies (pAbs). 

 GenScript expressed recombinant nurse shark BCL6 in insect cells and confirmed 

the identity of the purified recombinant protein by SDS-PAGE and mass spectrometry 

(Figures 3.8A-B). The recombinant nurse shark BCL6 was used as the immunizing antigen 

to produce pAbs in New Zealand rabbits. Rabbit pAbs were antigen-affinity purified and 

confirmed to bind to recombinant BCL6 by binding ELISA (performed by GenScript, 

Table 3.3). However, once again, at all dilutions tested and under all experimental 

conditions, the rabbit pAbs failed to detect native nurse shark BCL6 by 

immunofluorescence microscopy (Figure 3.9), by binding ELISA on spleen homogenate 

(data not shown), or by immunoprecipitation of biotinylated nurse shark spleen 

homogenate compared to negative controls (Figure 3.10). Unfortunately, I was unable to 

produce a reagent that could successfully detect nurse shark BCL6 in vivo and this 

particular line of research had to be abandoned. 
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Figure 3.8. Validation of recombinant nurse shark BCL6 provided by GenScript.  

 

A. Reducing condition SDS-PAGE of recombinant nurse shark BCL6 produced in insect cells and purified 

by Ni-NTA. Arrow indicates recombinant protein. Concentration 0.54 mg/mL. Lane M1: Protein Marker, 

Bio-Rad, BSA: 2.00 µg. B. Liquid chromatography–mass spectrometry confirmation of recombinant nurse 

shark BCL6. All data provided by GenScript as Certificate of Analysis.  
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Table 3.3. ELISA results of affinity-purified rabbit pAbs to recombinant nurse shark BCL6.  

 

All data provided by GenScript as Certificate of Analysis. 

 

 

 

Figure 3.9. Representative staining of nurse shark spleen with pAbs from rabbits immunized with 

recombinant BCL6. 

 

Fluorescence microscopy images showing representative staining of affinity-purified rabbit pAbs (green) 

from two rabbits, R04940 and R04941, as well as rabbit isotype control. Spleen sections stained are from a 

nurse shark immunized with R-phycoerythrin (PE) and sacrificed at D40 post-immunization. All images are 

for 1:250 dilutions of pAbs. PE fluorescent signal (magenta) is present in the center of B cell follicles and 

cell nuclei are stained with DAPI (blue). 
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Figure 3.10. Immunoprecipitation of spleen homogenate with rabbit pAbs to recombinant nurse shark 

BCL6. 

 

Immunoprecipitation of biotinylated nurse shark spleen homogenate. Left image is SDS-PAGE of samples 

under nonreducing conditions. Right image is Western blot of samples probed with streptavidin-HRP. Lanes 

1: Protein ladder, 2: Biotinylated spleen homogenate input, 3: Mix of rabbit R04940 and R04941 pAbs, each 

1:50 dilution, 4: Rabbit isotype control, 1:50 dilution, 5: mAb supernatant LK14 binding shark Ig κ L chain 

positive control, 6: Mouse IgG control (vehicle immunized mice), 1:100 dilution, 7: Mouse antisera from 

mice immunized with BCL6 PRK peptide, 1:100 dilution.  
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3.4. Discussion 

 Despite not identifying BCL6 as a significant marker in B cells or T cells of the 

snRNA-seq study detailed in Chapter 2, I was able to confirm the presence of a BCL6 nurse 

shark ortholog. Using RNAscope [271], I identified transcription of Bcl6 in nurse shark B 

cell follicles of the spleen. As the staining pattern for Bcl6 directly overlaped with the 

staining of Ignar by RNA FISH, I can conclude that naïve nurse shark B cells express 

BCL6 transcript similar to mammalian naïve B cells [322]. This strongly suggests that 

BCL6 plays a role in regulating nurse shark B cells after antigen engagement, with BCL6 

perhaps serving a similar function as in mammalian GC B cells to repress apoptosis during 

SHM [107, 109] or modifying BCR signaling [106, 107].  

 Co-staining of Bcl6 and Cxcr5 with the T cell marker Cd3e also suggests that the 

intrafollicular T cells previously identified in Chapter 2 likely correspond to the Tfh-like 

cluster identified by snRNA-seq, thus suggesting these are truly Tfh-functional equivalents 

present in nurse shark B cell follicles. While the RNA FISH microscopy images were not 

definitive, 20X objective images suggest that some cells co-transcribe Bcl6 and Cd3e 

expression. Further, BCL6 may be a conserved master transcription factor for Tfh lineages 

as observed in mammals [90]. Indeed, with regard to B cell regulation, BCL6 is highly 

expressed in the B-like cells of jawless vertebrates [181], suggesting this transcription 

factor has conserved at least some functions during the evolution of the adaptive immune 

response. 

 Why I was able to detect Bcl6 by RNA FISH but not in the snRNA-seq dataset 

likely has to do with differences between the techniques. The Advanced Cell Diagnostics 

RNAscope assay detects transcript by allowing multiple short probes to target a single 
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transcript and then amplifying those probes with fluorescent signal [271]. This likely makes 

it more sensitive at detecting Bcl6 expression compared to snRNA-seq, which can be 

greatly impacted by quality of the sample preparation. Furthermore, the snRNA-seq dataset 

did show Bcl6 expression within both B cell and T cell clusters, but no cluster exhibited 

significantly high expression relative to other clusters. Indeed, given that BCL6 regulation 

in mammals occurs at the level of translation, it is extremely likely that differences in nurse 

shark BCL6 levels are more dramatic at the protein translation level rather than mRNA 

transcription. 

The role of BCL6 in both B cell selection regulation and Tfh-like cell identity in 

nurse sharks would have been tested had I been able to generate an antibody reagent against 

nurse shark BCL6. Unfortunately, immunization studies using recombinant peptides or 

recombinant full-length nurse shark BCL6 failed to produce polyclonal antisera or pAbs 

that could detect native BCL6. This is probably due to folding differences between the 

short peptides/recombinant BCL6 and native BCL6 in vivo that render the epitopes 

recognized by pAbs generated against recombinant protein ineffective for detecting native 

protein in tissues. Greater efforts to screen mAbs for nurse shark BCL6 binding after 

immunization in mice with BCL6 may yield more fruitful results; while I had hoped the 

epitope diversity of a pAb reagent would be sufficient for immunofluorescence 

microscopy, a targeted mAb reagent would be more viable long-term for in situ studies.  

 My results in Chapter 2 demonstrated that B cell selection occurs in a central 

antigen presenting zone and SHM/proliferation occurs at the periphery of the B cell follicle 

in nurse sharks, reminiscent of LZ/DZ demarcation in mammalian GCs. Here, my results 

indicate that nurse shark B cells express BCL6 transcript. If antigen-engaged nurse shark 
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B cells upregulate BCL6 translation to enter a “GC-like” state as occurs in mammals, I 

hypothesize that BCL6 protein expression would be highest in the centroblast-like cells 

expressing Aicda at the periphery of nurse shark B cell follicles where it would act to 

repress apoptotic responses to DNA damage induced by SHM. It also possible that a subset 

of the centrocyte-like B cells in the center of the follicle might upregulate BCL6 translation 

to regulate BCR/CD40 signaling as they undergo selection.  

 While future work is still necessary to permit nurse shark BCL6 detection in vivo, 

the results detailed herein suggest that BCL6 plays a significant role in regulating the nurse 

shark B cell response. I hypothesize that BCL6 is a conserved master transcription factor 

in the immune system of both jawed and jawless vertebrates, with a role in both B cell 

regulation and Tfh-like cell differentiation.  
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Chapter 4: The nurse shark IgNAR repertoire increases binding affinity after 

repeated antigen exposure without sacrificing diversity  

4.1. Introduction 

B cell responses produce Ig or Ab repertoires that defend the host from invading 

pathogens. A key hallmark of protective responses in mammals is affinity maturation of 

the Ig repertoire. Facilitated by the formation of germinal centers (GCs) in the secondary 

lymphoid organs [reviewed in refs. 57, 323], the binding affinities of Igs are increased 

through iterative rounds of activation induced cytidine deaminase (AID)-mediated somatic 

hypermutation (SHM) and Darwinian selection of the resulting B cell clones [63, 84]. It 

has long been presumed that affinity maturation is the main evolutionary advantage of 

SHM. GCs were believed to be founded by a few clones [55, 122] that undergo 

“homogenizing” selection towards a pauciclonal high affinity response [54, 123].  Indeed, 

Ig responses to haptens in mice often consist of only a few clones [123, 134] that 

accumulate one or two mutations which confer high affinity binding [135].  However, more 

recent studies suggest that results observed with haptens may not be indicative of real-

world responses to pathogens. Polyclonal GCs have been shown to maintain both low and 

high affinity binding clones, even as the repertoire affinity matures [133], and responses to 

complex antigens (Ags) suggest a model of “permissive” rather than “purifying” selection 

to maintain Ig clone diversity while increasing avidity [136]. The evolutionary benefits of 

SHM have also been debated [124], as SHM can potentially mutate Igs away from Ag-

binding [146, 147] or towards autoimmunity [148], and germline Ig clones can be found 

that are of sufficiently high affinity to be protective [125, 126].  
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 That SHM provides some advantage to host organisms is supported by the fact that 

this mechanism is phylogenetically ancient and present in almost all vertebrate lineages 

with B cell-derived Ig immunity [141-145]. Further, it is proposed that SHM provided a 

selective advantage through diversification of the Ig repertoire in response to mutating 

pathogens, rather than affinity maturation [150]. If SHM truly evolved as a diversification 

mechanism that was co-opted for affinity maturation, one would predict that the process 

would favor repertoire diversification over intraclonal mutations increasing affinity.  

 Robust affinity maturation of Ig repertoires was believed to be present only in the 

endothermic vertebrates. Studies have demonstrated modest (<10-fold) affinity increases 

in amphibian [324] and bony fish (Teleost) Igs [325, 326] compared to the >100-fold 

changes in affinity reported in mammals. Lack of strong affinity maturation in ectothermic 

vertebrates has been attributed to the absence of GCs for B cell selection [196, 324]. This 

was believed to be true for cartilaginous fishes (Chondrichthyes) as their SLOs do not form 

visually discernable GCs [197]. However, my results in Chapter 2 demonstrate that nurse 

shark B cell follicles have the functional capacity to mediate both clonal selection and 

affinity maturation, i.e., nurse shark follicles are segregated by chemokine receptor 

expression into distinct regions of AID-mediated SHM and nondegraded Ag presentation, 

and Ig clones isolated from the follicles appear to undergo Ag-driven positive selection 

based on mutation patterns.  

 The nurse shark Ig response is comprised of two heavy (H) chain isotypes: IgM, 

orthologous to mammalian IgM [237], and new antigen receptor (IgNAR), an H-chain only 

isotype that does not associate with light (L) chain [245]. Nurse sharks produce both 

pentameric and monomeric (pIgM and mIgM) IgM [235, 259]. Affinities of pIgM do not 
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change over the course of the response, but affinity maturation has been demonstrated for 

the polyclonal mIgM response [260]. Affinity maturation has also been demonstrated in 

the IgNAR isotype, but the change in affinity was ~10-fold and only seen in a single IgNAR 

V domain (VNAR) clone [266].  

 To understand how selection shapes the shark Ig repertoire with regard to affinity 

and explore how Ig repertoire diversity changes over the course of a response, I performed 

a long term (~2 year) immunization study. This study aimed to characterize the primary, 

affinity matured, and memory IgNAR repertories of four adult nurse sharks in response to 

the target Ag human serum albumin (HSA). As sharks are the oldest extant vertebrate 

lineage with SHM [267] and affinity maturation [260, 266], understanding how their Ig 

repertoire changes over the course of an immune response is expected to provide insight 

into the evolutionary factors driving the emergence of these mechanisms in all jawed 

vertebrates. 

4.2. Materials and methods 

4.2.1. Shark maintenance, immunizations, and sample collection 

The wild-caught, adult nurse sharks (n = 4) used in this study were maintained at 

approximately 28°C in artificial seawater in indoor tanks at the Institute of Marine and 

Environmental Technology, Baltimore, USA. Animals were sedated by submerging them 

in artificial seawater containing tricaine methanesulfonate (MS-222) at 1 g per 6 L of 

seawater prior to all procedures. Blood samples were drawn from the caudal vein into a 

syringe containing one-tenth volume of porcine heparin reconstituted to 1000 U/ml in shark 

PBS (sPBS; mammalian PBS supplemented with 15 ml 5 M NaCl and 100 ml 3.5 M urea 

per L), then centrifuged at 153 x g for 10 min to isolate blood plasma. Plasma was stored 
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at -80°C. All animals were immunized with 250 µg human serum albumin (HSA) 

emulsified in complete Freund’s adjuvant (CFA) subcutaneously in the ventral side of the 

right pectoral fin. Animals were boosted 49 days after primary immunization with 250 µg 

HSA emulsified in incomplete Freund’s adjuvant (IFA) subcutaneously in the ventral side 

of the left pectoral fin. Subsequent boosts were performed with 250 µg soluble HSA 

intravenously on days 77, 119, and 150, then 200 µg HSA on day 598 post-primary 

immunization. Plasma samples were collected over the course of the study and stored at -

80°C. Peripheral blood lymphocytes (PBLs) were collected on days 49, 233, and 654 post-

primary immunization and stored at -80°C. To ensure minimal impact on animal health, no 

more than 10% total blood volume was taken from any individual animal over any 4-week 

period. For a full outline of the immunizations and blood sampling, see Figure 4.1A. All 

procedures were conducted in accordance with approved University of Maryland School 

of Medicine IACUC protocol 0318003. 

4.2.2. Enzyme-linked immunosorbent assays  

Plasma samples were tested for the presence of antigen-specific Ig by enzyme-

linked immunosorbent assay (ELISA) as previously detailed [260]. In brief, 96-well 

microtiter plates were coated with 100 µL per well of target antigen (HSA) diluted in PBS 

to a final concentration of 10 µg/ml. Following incubation for 1 h at room temperature, 

wells were washed twice with 200 µl PBS then blocked with 200 µl per well of 3% milk 

powder in PBS (MPBS) for 1 h at room temperature. Antigen-control wells were both 

coated and blocked with 3% MPBS. Pre- and post-boost plasma samples were diluted 1:30 

in PBS, then serially diluted 3-fold, following which 100 µl of each dilution was added to 

duplicate wells and incubated for 3 h at room temperature or overnight at 4°C. After 
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incubation, wells were washed 3 times with 200 µl PBST, then 100 µl of monoclonal 

antibody (mAb) was added per well and incubated for 1 h at room temperature; the anti-

nurse shark Ig light chain mAb LK14 was used to detect IgM binding while the anti-nurse 

shark IgNAR GA8 ascites was used to detect IgNAR binding after diluting 1:1000 in 3% 

MPBS. Wells were washed 3 times with PBST, then incubated with 100 µl of sheep anti-

mouse IgG horseradish peroxidase-conjugated antibody (Sigma Aldrich; A6782) diluted 

1:1000 in 3% MPBS for 1 h at room temperature. Wells were washed 4 times with PBST 

before signal was developed by the addition of 100 µl TMB liquid substrate per well. After 

a 5 min incubation the reaction was stopped by the addition of 100 µl 1M H2SO4 and the 

absorbance at 450 nm read on a Molecular Devices SpectraMax M5 microplate reader.  

4.2.3. Shark plasma fractionation 

Plasma was fractionated by passage over a high-prep 16/60 Sephacryl S-300 high-

resolution size-exclusion column (Amersham Biosciences Ltd.) equilibrated with 

fractionation buffer (29 mM Na2HPO4, 11 mM NaH2PO4, 150 mM NaCl) using a BioLogic 

LP system and BioFrac Fraction Collector (Bio-Rad). Shark plasma samples (200-400 µL) 

were brought to a total volume of 1300 µL with fractionation buffer, mixed with 200 µL 

dextran blue, filtered through a 0.8 µm syringe filter, and applied to the column. The 

column was run at room temperature with fractionation buffer for the following collection 

protocol: 0-30 mL at 0.5 mL/min to load the sample on the column, then 30-150 mL at 0.5 

mL/min during which 3 mL fractions were collected (~27 fractions), and finally 105-605 

mL at 0.2 mL/min to wash the column. From each fraction, 25 µL samples were mixed 

with 25 µL 2X Laemmli Sample Buffer (Bio-Rad), then boiled at 95°C for 5 min. Samples 

were loaded onto 15-well NuPAGE 4-12% Bis-Tris Gels (Invitrogen) and run in 1X 3-(N-
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morpholino)propanesulfonic acid (MOPS) buffer under non-reducing conditions. Protein 

gels were stained with GelCode Blue Safe Protein Stain (Thermo Scientific), and fractions 

containing pIgM (generally fractions 4-10) and fractions containing mIgM/IgNAR 

(generally fractions 11-15) were pooled and used as samples in binding ELISAs as 

described above. Samples were diluted so that the amount of protein loaded was the same 

across all animals and time points (0.15 mg/mL), then used neat in top ELISA wells and 

serially diluted 2-fold down the plate. 

4.2.4. IgNAR purification from nurse shark plasma 

 Protein G Sepharose columns coupled to a mAb GA10 specific for nurse shark 

IgNAR, , were prepared to purify IgNAR from nurse shark plasma as follows. Cell culture 

supernatant containing GA10 (~30 mL) was concentrated in 0.1 M borate buffer (pH 8.2) 

using a 50K MWCO 15 mL Amicon Ultra centrifugal filter unit. The concentrated GA10 

was then incubated with 2 mL of Protein G Sepharose 4 Fast Flow (Cytiva) in borate buffer 

up to a volume of 10 mL for 30 min at room temperature. Protein G-GA10 Sepharose beads 

were centrifuged at 3900 rpm (2364 x g) for 2 min, then washed 3 times with 10 mL borate 

buffer, and then washed once with 0.2 M triethylamine (TEA, pH 8.2). The beads were 

resuspended in 10 mL 100 mM dimethyl pimelimidate dihydrochloride freshly made up in 

0.2 M TEA, and incubated with rotation at room temperature for 45 min to crosslink the 

mAb to the Protein G. The reaction was halted by centrifuging the beads and resuspending 

them in 10 mL 100 mM ethanolamine (pH 8.2), then incubating for 5 min with rotation at 

room temperature. The beads were again centrifuged and washed 3 times with borate 

buffer, then resuspended in 2 mL PBS and stored at 4°C. 
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 To purify IgNAR from nurse shark plasma, 250 µL of the prepared Protein G-GA10 

Sepharose was aliquoted to a 1 mL spin column. Columns were equilibrated with 3 mL 

binding buffer (0.02 M sodium phosphate monobasic). Plasma stored at -80°C was thawed 

and warmed to 37°C for 10 minutes to ensure all proteins present were dissolved in 

solution. After warming, 100 µL of plasma was diluted in 400 µL binding buffer, then 

applied to the column and incubated either for 1 h at room temperature or overnight at 4°C, 

with rotation. After incubation to bind IgNAR to the column, the flow through was drained 

from the column by gravity, and the column was washed with 7 mL of binding buffer. To 

elute IgNAR from the column, 300 µL of glycine-HCl buffer (pH 2.3) was applied to the 

beads and collected into a 1.5 mL microcentrifuge tube containing 100 µL 2 M Tris buffer 

(pH 9.0). The eluted IgNAR was collected by centrifuging for 1 min at 100 x g. The elution 

step was repeated with 300 µL glycine-HCl buffer and collected into a fresh tube. Columns 

were washed and stored in PBS at 4°C. The eluted IgNAR was concentrated into ~100-120 

µL and buffer exchanged to PBS-P+ (Cytiva) using a 10K MWCO Amicon Ultra 0.5 mL 

centrifugal filtration unit. Filtration centrifugations were performed at 12,000 x g for 3 min. 

 Concentrated IgNAR was assessed for purity by gel electrophoresis and Western 

blotting and the concentration by measuring absorbance of total protein on a Nanodrop 

2000 spectrophotometer (Thermo Scientific). From each sample, 15 µL was combined with 

15 µL 2X Laemmli Sample Buffer (Bio-Rad), then boiled at 95°C for 5 min. Samples were 

loaded onto 10-well NuPAGE 4-12% Bis-Tris Gels (Invitrogen) and subjected to gel 

electrophoresis under non-reducing conditions. Protein was then transferred to a PVDF 

membrane using a Trans-Blot Turbo Transfer System (Bio-Rad), and the membrane was 

blocked in 3% MPBS for 1 h at room temperature. The membrane was then incubated with 
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GA8 ascites diluted 1:1000 in 3% MPBS for 1 h, washed 3 times with PBST, then 

incubated with goat anti-mouse HRP diluted 1:1000 in 3% MPBS for 1 h. The membrane 

was washed 3 times with PBST, then developed with enhanced chemiluminescence 

Western Blotting Substrate (Thermo Scientific-Pierce). Membranes were imaged using an 

Azure c600 imager.  

4.2.5. Determining IgNAR repertoire affinity by Biacore surface plasmon resonance  

 To assess the binding affinity of antigen-specific IgNAR purified from the plasma 

of the HSA-immunized animals, HSA was coupled to a Biacore Series S CM5 sensor chip 

(Cytiva) using an Amine Coupling Kit and Biacore 8K SPR system and following the 

manufacturer’s recommendations. The chip surface was activated by injecting a 1:1 

mixture of 0.4 M of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 0.1 M of N-

hydroxysuccinimide (EDS/NHS) for 5 min. The ligand was then immobilized to the chip 

by injecting a 12 µg/mL solution of HSA in 10 mM sodium acetate buffer (pH 5.0) for 2 

min. Excess reactive groups were then deactivated by injecting 1 M ethanolamine-HCl for 

5 min. The HSA-CM5 chip was used for all repertoire affinity assays. 

 Using a Biacore 8K SPR system, IgNAR binding to HSA was assessed using the 

following multicycle kinetic method. A start up cycle was performed to condition the HSA-

CM5 chip surface with running buffer (PBS-P+) with a contact time of 120 sec, 

dissociation time of 60 sec, and flow rate of 30 µL/min. Purified IgNAR samples were 

diluted to 0, 30, 300, and 3000 nM concentrations in running buffer, and binding to HSA 

was assessed after analyte injection with a contact time of 120 sec, dissociation time of 360 

sec, and flow rate of 20 µL/min. After binding of each concentration was assessed, a 

regeneration cycle was performed by injecting 50 mM NaOH over the chip surface for a 
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contact time of 15 sec and flow rate of 30 µL/min. Binding sensorgrams collected by this 

method were analyzed using the Biacore 8K evaluation software. A 1:1 binding kinetic 

model was fitted to the binding curves, and binding affinities and kinetic parameters were 

produced based on model fit. 

4.2.6. IgNAR variable region repertoire data generation and analysis 

PBLs sampled on days 49, 233, 654 post-immunization from two of the animals 

that made strong IgNAR responses (as determined by binding ELISA) were used for RNA 

extraction and cDNA generation. PBLs were homogenized in TRIzol reagent using a 

Qiagen TissueLyser LT for 2 min at 40 oscillations/sec. RNA was then extracted following 

the Qiagen RNeasy Lipid Tissue Mini Kit protocol as supplied by the manufacturer. RNA 

concentration was measured using a Qubit 3 fluorometer (Invitrogen) and Qubit RNA 

Broad-Range Assay Kit (Invitrogen), and RNA quality was assessed using a NanoDrop 

2000 spectrophotometer (Thermo Scientific). Two cDNA synthesis reactions were 

performed per sample as follows. SuperScript II Reverse Transcriptase (RT) was used to 

generate a cDNA from the extracted RNA following the manufacturer’s instructions 

(Invitrogen). Sample RNA (1 µg) was diluted in nuclease free water for a total volume of 

12 µL and combined with 1 µL Oligo(dT)12-18 primer (500 µg/mL) and 1 µL dNTP Mix 

(10 mM), incubated for 5 min at 65°C, then placed on ice. Next, 4 µL 5X First-Strand 

Buffer and 2 µL 0.1 M DTT were added to the reaction, mixed, and incubated for 2 min at 

42°C. Finally, 1 µL SuperScript RT and 1 µL DEPC H2O were added to the reaction, 

mixed, and incubated at 42°C for 1 h followed by 70°C for 15 min.  

The cDNA samples produced were used as input for PCR reactions to generate 

libraries of the IgNAR variable domains (VNARs) present at the time points sampled. For 
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each cDNA sample, 25 PCR reactions were prepared, each containing ~1.5 µL of cDNA 

(75 ng), and VNAR sequences were amplified by PCR using the framework-annealing 

primers NAR-Fr1-forward (5’-AGACGGGCGAATCACTGACC-3’) and NAR-Fr5-

reverse (5’-TATTCCAGGATTCACAGTCACGAC-3’) which give a product of 270-290 

bp. PCR cycling conditions were as follows: 1 cycle at 95°C for 1 min, 25 cycles at 95°C 

for 30 sec, 55°C for 30 sec, 72°C for 1 min, and 1 cycle at 72°C for 2 min. After amplifying 

the VNAR sequences, the reactions for each sample were pooled and the PCR products 

cleaned up following the QIAquick PCR Purification Kit protocol (Qiagen). The final 

VNAR libraries were sequenced on an Illumina NovaSeq 6000 platform by Novogene 

USA, Ltd., resulting in ~20-30 million paired-end 2x150 bp reads per library. 

We used MiXCR [281] to align and infer clonotypes for our IgNAR repertoire 

sequencing data, using the nurse shark IgNAR repseqio JSON reference described in 

Section 2.2.7 as a reference library and specifying nurse shark as reference species. 

Following alignment and CDR3 clonotype assembly, data were exported from MiXCR and 

formatted as a clonotype table for use by VDJtools (v1.2.1) [327]. Pre-processing of the 

data was then performed in VDJtools to eliminate erroneous clonotypes deriving by 

frequency-based correction, and to downsample to 1 million reads/clonotypes for each 

sample to normalize samples prior to calculation of frequency-based statistics. VDJtools 

was then used to calculate clonotype-based statistics and generate associated plots. 

Different clonotype overlap rules were applied for some analyses by setting the -i flag to 

'strict’ (i.e clonotype overlap requires CDR3 nucleotide sequence, and V and J gene usage 

in common), ‘nt’ (clonotype overlap is based on CDR3 nucleotide sequence only), or ‘aa’ 

(i.e., clonotype overlap is based on CDR3 amino acid sequence only). We also reproduced 
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statistics and plots after an additional pre-processing step to filter out non-functional 

sequences containing frameshifts and/or premature stop codons. 

4.3 Results 

4.3.1. Individual nurse sharks produce distinct IgM and IgNAR humoral responses 

to HSA  

 To study Ig repertoire changes in the nurse shark during B cell responses, four adult 

animals were immunized with human serum albumin (HSA). The individual sharks are 

hereafter referred to as “Red”, “Blue”, “Yellow” and “Green”. The immunizations, plasma 

sampling, and PBL collections were performed over an ~2-year period, outlined in Figure 

4.1A. The subsequent abbreviation “D” refers to days post-primary immunization. Animals 

were initially immunized with 250 µg HSA emulsified in CFA subcutaneously (D0), then 

boosted with HSA emulsified in IFA subcutaneously on D49, and subsequently boosted 

with soluble HSA intravenously on D77, D119, and D150 post-immunization. Plasma 

samples were collected at various time points throughout the immunization schedule to 

characterize the individual HSA-responses with regards to Ig isotypes and Ab titers. 

Testing plasma collected at D179 in HSA-binding ELISAs demonstrated that all four 

animals produced IgM responses to the immunizing Ag (Figure 4.1B). Sharks Yellow and 

Green made the most robust IgM responses above background (milk), but sharks Red and 

Blue also produced strong IgM titers.  
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Figure 4.1. Nurse shark humoral responses to HSA immunization. 

 

A. Immunization regimen for four nurse sharks immunized with HSA. Ag boosts were delivered on D49, 

D77, D119, D150, and D598. PBLs were collected on D49, D233, and D654. B. IgM responses at D179 to 

HSA in four sharks measured by ELISA. C-F. IgNAR responses to HSA at D49 and D233 in sharks Red 

(C), Blue (D), Yellow (E), and Green (F). In all ELISAs, plasma samples were tested against blocking agent 

(milk) as a negative control. 
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To characterize the IgNAR response, plasma samples were collected during the 

early primary response (D49) and late in the response (D233) after multiple rounds of 

boosting (presumed to stimulate affinity maturation). Testing these samples in HSA-

binding ELISAs revealed varying degrees of IgNAR production in the four sharks. Only 

two of the immunized animals, Red and Blue, made strong IgNAR responses. Shark Red 

exhibited robust IgNAR titer to HSA both early (D49) and late (D233) in the response 

(Figure 4.1C), and shark Blue displayed a slight increase in the IgNAR response from D49 

to D233 (Figure 4.1D). Unexpectedly, the other two immunized animals did not make 

sustained IgNAR responses. Shark Yellow displayed HSA-specific IgNAR at D49, but this 

binding had declined by D233 (Figure 4.1E). Shark Green displayed only weak binding at 

both D49 and D233, suggesting a poor IgNAR response to HSA in this animal (Figure 

4.1F). Thus, surprisingly, while all four animals made IgM responses to HSA, the IgNAR 

responses were uncoupled from that of IgM, with half of the immunized sharks producing 

robust IgNAR titers and half of the sharks producing only weak IgNAR titers.  

4.3.2. Individual sharks produce T-dependent mIgM responses even in the absence of 

strong IgNAR responses 

The lack of IgNAR responses but strong IgM responses in two of the immunized 

sharks (Yellow and Green) suggested that those animals may be responding in a primarily 

T-independent fashion, while the animals that made both IgNAR and IgM responses (Red 

and Blue) may be responding in a primarily T-dependent fashion. Nurse sharks produce 

two forms of IgM, pentameric (pIgM) and monomeric (mIgM), with pIgM functioning as 

an early, innate-like defense and mIgM functioning as the adaptive arm of the IgM response 

[reviewed in ref. 189]. ELISAs using crude plasma cannot differentiate antigen binding by 
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pIgM versus mIgM, as both are detected by the mAbs used in our assays. To differentiate 

antigen binding due to pIgM versus mIgM and determine if all animals were making 

adaptive, T-dependent humoral responses, plasma from D49 and D233 was fractionated 

over a high-prep 16/60 Sephacryl S-300 high-resolution size-exclusion column. Fractions 

were collected and analyzed by SDS-PAGE to determine the fractions containing pIgM 

and those containing mIgM. Representative SDS-PAGE results following fractionation of 

D233 plasma from sharks Red and Blue is shown in Figure 4.2A. Fractions containing 

either pIgM or mIgM were independently pooled and then used in binding ELISAs to 

determine their respective contributions to the D49 and D233 IgM responses. The results 

showed that pIgM dominated the IgM response at D49 in all immunized sharks (Figures 

4.2B-E). Shark Green displayed the highest binding of both pIgM and mIgM to HSA out 

of all four animals at D49 (Figure 4.2E), consistent with the results at D179 that this animal 

produced the strongest IgM response. ELISAs using the D233 fractions demonstrated that 

all four animals showed Ag-specific mIgM binding exceeding that of pIgM (Figures 4.3A-

D). The two animals that did not produce significant anti-HSA IgNAR titers by D233 

(Figures 4.1E-F), Yellow and Green, had robust anti-HSA mIgM at the same time point 

(Figures 4.3C-D), indicating that they did produce a T-dependent, adaptive humoral 

response and not simply a strong pIgM response. All immunized sharks thus produced T-

dependent Ig responses to HSA, with two animals (Red and Blue) producing both mIgM 

and IgNAR titers and two animals (Yellow and Green) exhibiting uncoupling of the mIgM 

and IgNAR responses.  
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Figure 4.2. Plasma fractionation reveals mIgM and pIgM responses to HSA at D49. 

 

A. Representative SDS-PAGE images of fractionation of plasma from sharks Red and Blue collected at D233. 

Arrows indicate bands corresponding to fractions containing pIgM (>250 kDa) and mIgM (~180 kDa). 

Fractions were collected and pooled according to IgM form and used for ELISAs. B-E. pIgM and mIgM 

responses to HSA at D49 for sharks Red (B), Blue (C), Yellow (D), and Green (E). All plasma fractions were 

tested against blocking agent (milk) as a negative control.   
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Figure 4.3. Plasma fractionation reveals mIgM and pIgM responses to HSA at D233. 

 

A-D. pIgM and mIgM responses to HSA at D233 for sharks Red (A), Blue (B), Yellow (C), and Green (D). 

All plasma fractions were tested against blocking agent (milk) as a negative control.   
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4.3.3. B cell memory to HSA established in immunized sharks  

After characterizing the early and late Ab responses against HSA, I wanted to 

determine if the animals would produce memory responses to the target Ag. The sharks 

immunized with HSA were rested (no Ag exposure) for ~1 year after the last sampling date 

(D233) and >1 year after the last Ag exposure (D150) to allow Ag-specific titers could 

return to baseline. On D598, the sharks were boosted with soluble HSA intravenously to 

stimulate a memory response. Previous research had shown that soluble Ag without 

adjuvant does not stimulate a primary Ab response in nurse sharks [260]. Prior to boosting, 

plasma samples were taken from each shark to confirm that HSA-specific IgNAR titers 

had indeed returned to baseline (Figures 4.4A-D). After boosting with soluble HSA, plasma 

was collected from all four animals on D654 (56 days after the boost on D568) to determine 

if they had made memory B cell responses. As expected, the two sharks that had produced 

primary IgNAR and mIgM responses to HSA (Red and Blue) also produced memory 

IgNAR and IgM titers (Figures 4.5A-B). The two sharks that did not produce robust 

primary IgNAR responses but did produce mIgM responses (Yellow and Green) 

correspondingly did not produce IgNAR memory titers but did exhibit strong memory IgM 

titers (Figures 4.5C-D). In short, all four animals initially immunized with HSA produced 

a memory B cell response to the target Ag, although the isotypes mediating this response 

differed among the animals. 
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Figure 4.4. IgNAR titers to HSA at D568. 

 

A-D. IgNAR titers to HSA at D568 for sharks Red (A), Blue (B), Yellow (C), and Green (D). All plasma 

samples were tested against blocking agent (milk) as a negative control.   

 



143 

 

 

Figure 4.5. IgNAR titers to HSA at D654. 

 

A-D. IgNAR titers to HSA at D654 for sharks Red (A), Blue (B), Yellow (C), and Green (D). All plasma 

samples were tested against blocking agent (milk) as a negative control.   
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4.3.4. Nurse IgNAR repertoires obtain high binding affinities, but are dynamic over 

the course of the humoral response 

After determining the Ig isotype titers over the course of the humoral response, I 

next wanted to determine the degree of affinity maturation that had occurred within the 

polyclonal IgNAR repertoire of each animal. Affinity maturation has only previously been 

proven for the polyclonal mIgM response in nurse shark [260], with evidence of IgNAR 

affinity maturation (~10-fold) only demonstrated for a single VNAR clone [266]. Here, I 

assessed the affinity of the polyclonal IgNAR repertoire by Biacore surface plasmon 

resonance (SPR) using a Series S Sensor Chip CM5 (Cytiva) with HSA immobilized on 

the surface. IgNAR is present at ~10-fold lower levels in plasma compared to mIgM, so to 

measure IgNAR repertoire binding affinity to HSA, IgNAR needed to be separated from 

the other shark Ig isotypes (primarily mIgM) present in plasma samples. This was achieved 

using an IgNAR-specific mAb coupled to protein G sepharose. Successful IgNAR 

enrichment was confirmed by SDS-PAGE and Western blot analysis. Representative 

images of enriched IgNAR from plasma samples are shown in Figure 4.6 for the time points 

assessed in Biacore SPR experiments; probing samples with a mAb for nurse shark κ L 

chain (LK14) demonstrated minimal IgM contamination.  
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Figure 4.6. Representative Western blots of IgNAR purified from whole plasma.  

 

IgNAR was purified from whole plasma samples collected at various time points post-primary immunization 

(D35, D119, D233, D654) and assessed for quality by SDS-PAGE under non-reducing conditions and 

Western blotting using an anti-IgNAR ascites. Shown are purified IgNAR samples (IgNAR bands indicated 

by arrows) from the four sharks immunized with HSA: R = Shark Red, B = Shark Blue, Y = Shark Yellow, 

and G = Shark Green. Final blot is probed for IgM contamination showing representative samples at D119 

and D233 (possible mIgM or pIgM bands indicated by arrows). 
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The binding affinity of the enriched polyclonal IgNAR samples was assessed 

against HSA for each immunized shark at four time points: D35/D42, D119, D233, and 

D654. D35 and D42 were used as the early time point samples because we did not have 

sufficient volumes of the D49 samples remaining to test by SPR. Sensorgram data were 

collected on the Biacore 8K SPR system and then evaluated using the 8K Evaluation 

Software (Cytiva). A 1:1 binding kinetics model was used to fit binding curves to the 

sensorgram data. The binding curves for each concentration were used to calculate on rates 

(ka), off rates (kd), and equilibrium (KD) constants for each IgNAR sample. The binding 

sensorgrams and fitted 1:1 binding curves are shown in Figures 4.7A-D for each shark and 

time point. 

 No significant binding was detected using samples purified from whole plasma at 

D42 (not shown) or D35 for any animal (Figures 4.7A-D), thus KD constants could not be 

established for the early response. Binding to HSA was successfully detected by SPR for 

the purified polyclonal IgNAR at D119, D233, and D654, allowing for curve fitting and 

calculation of rate constants. Table 4.1 displays the KD values for the HSA-specific 

polyclonal IgNAR at each time point sampled for the four sharks. Lower KD values are 

representative of stronger binding affinity between a ligand and analyte. For three of the 

four sharks (Red, Blue, and Green), the lowest KD values occur at D119. The two animals 

that made the strongest IgNAR responses, Red and Blue, correspondingly exhibited peaks 

in the binding affinities of their IgNAR repertoires at D119 in the low nanomolar to high 

picomolar range, with KD values approximating 10-11 M. As all four animals exhibited 

strong binding at D119 (KD values near/at nanomolar or subnanomolar levels) but no 
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measurable binding by SPR at early time points (D35 or D42), I could conclude that affinity 

maturation of the polyclonal IgNAR repertoire had indeed occurred. 
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Figure 4.7. Biacore SPR 1:1 kinetic binding curves fit to sensorgram data of IgNAR binding to HSA. 

 

A-D. HSA was immobilized to a CM5 sensor chip and IgNAR binding to HSA measured on a Biacore 8K 

SPR system. Sensorgram data was collected, and a 1:1 binding kinetic model was used to fit binding curves 

to the data to calculate on/off rates and equilibrium constants. IgNAR binding was tested at 30, 300, and 3000 

nM concentrations for D35, D119, D233, and D654 samples from sharks Red (A), Blue (B), Yellow (C), and 

Green (D). 
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Table 4.1. Binding constants for polyclonal IgNAR samples to HSA. 

 

KD (M) values are displayed as calculated from 1:1 binding kinetic model curves for IgNAR binding to HSA 

at D35, D119, D233, and D654 for sharks Red, Blue, Yellow, and Green.  
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 The equilibrium constants across the time points sampled reveal that polyclonal 

IgNAR binding affinities are dynamic, not static, over the course of a humoral response. 

For the two sharks that made robust IgNAR responses, Red and Blue, binding affinities 

peaked at D119 (KD = 9.66×10-11 M and KD = 1.46×10-11 M, respectively), but declined by 

D233; this decline was relatively minor for shark Blue, where the KD dropped to 8.60×10-

10 M, but larger for shark Red, where the KD dropped down to 1.58×10-7 M. For both sharks, 

the memory response (D654) exhibited binding affinities in the same range as D119 and 

D233: KD = 6.46×10-10 M for shark Red and KD = 6.18×10-10 M for shark Blue. Despite 

not producing robust IgNAR titers by ELISA, sharks Yellow and Green did have detectable 

IgNAR binding to HSA by SPR. Their KD values at D119 and D233 did not reach the 

subnanomolar affinities observed in sharks Red and Blue at these time points (see Table 

4.1) and displayed little difference in binding affinity between D119 and D233. However, 

like sharks Red and Blue, the memory IgNAR repertoire (D654) of sharks Yellow and 

Green exhibited HSA binding affinities at subnanomolar ranges: KD = 3.92×10-10 for shark 

Yellow and KD = 2.87×10-10 for shark Green. This data provides strong evidence that 

polyclonal IgNAR repertoires can mature to binding affinities at subnanomolar levels, and 

that nurse sharks maintain B cell clones with high binding affinity for their Ag in the 

memory pool. Additionally, the data demonstrates that IgNAR responses can be dynamic 

with regards to both titers and binding affinities over the course of an immune response. 

Individual variation greatly influences the nature of the humoral response even when 

animals are immunized with the same Ag and in the same fashion. 
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4.3.5 Nurse shark VNAR repertoires increase in diversity after repeated antigen 

exposure 

 As I had determined that the IgNAR repertoire reached high affinities over the 

course of the response, I next wanted to know if the affinity dynamics observed were due 

to a decrease or increase in IgNAR clone diversity. To investigate repertoire diversity, I 

generated VNAR libraries from PBLs isolated at D49, D233, and D654 from the two sharks 

that made robust IgNAR responses, Red and Blue. These libraries were sequenced, and I 

obtained VNAR repertoires that were analyzed in collaboration with Dr. Anthony 

Redmond (Smurfit Institute of Genetics, Trinity College Dublin).  

 The number of reads and clonotypes (defined by unique CDR3s) are shown in Table 

4.2 for each VNAR repertoire. Mean CDR3 nucleotide length was consistent across the 

repertoires (~40-46 nt). CDR3 spectratyping by nucleotide length can reveal changes in 

repertoire heterogeneity or biases in clonality [328, 329]. VNAR CDR3 spectratypes for 

the VNAR repertoires sampled are shown in Figure 4.8. High resolution individual 

spectratypes are presented in Appendix A.2 for clarity (Supplementary Figures 4.1-4.6). 

The top 10 most abundant clonotypes are colored on each spectratype. Shark Red VNAR 

repertoires remained fairly heterogenous with regards to CDR3 length diversity across the 

time points sampled, without any visually discernable expansions in clonotypes. For shark 

Blue, the D49 and D233 VNAR repertoires displayed biases towards the most frequent 

clonotypes, with the “DGLCSIGELERYN/KYED” CDR3 being found at both time points, 

suggesting reduced heterogeneity in these samples. The shark Blue D654 repertoire did not 

display expansions of this specific clone or any others. Clonality plots broadly indicated 

an increase in repertoire heterogeneity with repeated Ag exposure. Clonotypes appearing 
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three or more times in the datasets were binned into quantiles of the top 20% (Q1) most 

frequent clonotypes, next 20% (Q2), etc., up to Q5. The D654 repertoires of both animals 

displayed increased abundances of lower quantile (Q2-Q5) clonotypes and decreased 

abundances of the top five individual clonotypes compared to the D49 repertoires (Figure 

4.9). This suggested that the memory pools were not dominated by expansion of a few 

oligoclonal lineages but were more heterogeneous. High resolution individual clonality 

plots are shown in Appendix A.2 (Supplementary Figures 4.7-4.12). 
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Table 4.2. Basic statistics for VNAR repertoires from HSA-immunized sharks Red and Blue. 

 

Clonotypes are defined by unique CDR3 sequences. 
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Figure 4.8. CDR3 spectratyping for VNAR repertoires of HSA-immunized sharks. 

 

VNAR CDR3 spectratypes are shown for sharks Red and Blue at D49, D233, and D654. The top 10 most 

frequent clonotypes (CDR3 amino acid sequence) for each sample are indicated by color on spectratypes.  
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Figure 4.9. Clonality plots for VNAR repertoires of HSA-immunized sharks. 

 

Clonality plots are shown for sharks Red and Blue at D49, D233, and D654. The inner layer (“set”) displays 

the abundances of singleton (“1”, sequence appears once in dataset), doubleton (“2”, sequence appears twice 

in dataset) and high order (“3+”, sequence appears three or more times in dataset) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for high order (“3+”) clonotypes. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 

 



157 

 

 

 

  



158 

 

Another approach for assessing repertoire diversity is to examine V gene usage 

across receptors. Nurse shark IgNAR V segments can be classified into different “types” 

based on the number and location of non-canonical cysteine residues [reviewed in ref. 248]. 

The majority of IgNAR sequences present in adult nurse shark spleen and PBLs utilize 

either type I or type II V genes [141, 245]. A third VNAR gene, type III, possesses two 

germline-fused D regions (D1 and D2) and is expressed early in development in neonates 

[253]. Hierarchical clustering of the nurse shark repertoires by VNAR type usage is shown 

in the heatmap of Figure 4.10. The majority of the repertoires were dominated by type II 

VNARs. Unusually, the D49 repertoire of shark Blue exhibited a high prevalence of type 

III VNARs. Overall, the IgNAR repertoires of both animals appeared to favor type II 

VNAR usage over type I VNAR usage.  
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Figure 4.10. V gene usage in sampled IgNAR repertoires.  

 

Hierarchical clustering of VNAR repertoires using Euclidean distance was performed in VDJtools. 
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 Finally, to assess IgNAR repertoire diversity over the course of the response, 

several diversity statistics were calculated for the samples. For all calculations, clonotypes 

were defined as unique CDR3 amino acid sequences. A full summary of diversity statistics 

generated is shown in Supplementary Table 4.1 (see Appendix A.2). For the D49, D233, 

and D654 IgNAR repertoires of sharks Red and Blue, the observed diversity (total number 

of clonotypes), lower bound total diversity estimates Chao1 [330] and Efron-Thisted 

estimate [331], and normalized Shannon-Wiener index [332] were calculated. These results 

are shown in Figure 4.11. For all diversity statistics calculated, an increase in VNAR 

repertoire diversity was observed in both sharks Red and Blue after repeated Ag exposure. 

An increase in diversity was seen from D49 to D233 in conjunction with affinity maturation 

of the repertoire, while a decrease in diversity occurred from D233 to D654. However, the 

memory response (D654) still maintained a higher diversity than the primary response 

(D49), suggesting an expansion of the repertoire rather than a collapse to a pauciclonal 

memory pool. The exception to this trend was the normalized Shannon-Wiener index, 

which did not calculate a drop in diversity from D233 to D654 in either animal. Overall, 

repertoire diversity was greater in shark Red than shark Blue, perhaps reflective of the 

higher IgNAR titers observed in shark Red. The trends in repertoire diversity mirrored what 

was observed for repertoire affinity (Table 4.1). Both diversity and affinity of the repertoire 

increased after multiple rounds of Ag boosting (as measured at D233 and D119, 

respectively), and dropped but remained high in the memory response (D654) relative to 

early time points sampled. Thus, I concluded that the IgNAR repertoire had diversified in 

both sharks Red and Blue over the course of the HSA-immunizations without sacrificing 

high binding affinity.  
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Figure 4.11. Diversity statistics for IgNAR repertoires of HSA-immunized sharks. 

 

Diversity statistics are shown for the VNAR repertoires of sharks Red and Blue for the three time points 

sampled: D49, D233, and D654. Observed diversity, lower bound total diversity estimates Chao1 and Efron-

Thisted estimate, and normalized Shannon-Wiener index calculated for clonotypes (unique CDR3 amino acid 

sequences) in VDJtools.  
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4.4. Discussion 

The evolutionary advantage of SHM as a mechanism of repertoire diversification, 

rather than affinity maturation, has been proposed [150]. As real-world responses to 

complex Ags have revealed that Ig repertoires can diversify while maintaining high binding 

affinities [136, 137], I wanted to determine if there was evidence for repertoire 

diversification in the Igs of the oldest extant jawed vertebrate class (Chondrichthyes) by 

performing a long-term immunization study in nurse sharks. Despite the reported absence 

of GCs in sharks [197], I demonstrated in Chapter 2 that sharks possess a B cell selection 

system in splenic follicles that could support both repertoire diversification and/or affinity 

maturation. Thus, by studying Ig repertoire dynamics in response to repeated Ag exposure, 

I sought to determine how that selection system influences the shark B cell response. 

 I observed uncoupling of the major adaptive Ig isotypes in nurse shark, IgNAR and 

mIgM. As mammalian-like CSR is not present in sharks [214], and the animals in this study 

were immunized under the same conditions, it suggests distinct interindividual differences 

contribute to determining which isotype the shark immune system responds with. This is 

unsurprising, as these are wild caught, unrelated animals and, thus, likely to exhibit greater 

diversity in immune responses compared to inbred mouse strains routinely utilized in 

mammalian experiments. This phenomenon has not been previously reported in nurse 

shark, but has been seen in small-spotted catshark (Scyliorhinus canicula) [333] and spiny 

dogfish (Squalus acanthias, Helen Dooley, personal communication). Regardless, all 

animals were observed to produce a T cell-dependent adaptive Ig response. In response to 

repeated Ag exposure, the polyclonal IgNAR repertoires matured to subnanomolar binding 

affinities in the two sharks that produced robust IgNAR titers. Furthermore, in all animals, 
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subnanomolar binding affinities were observed in the IgNAR memory/recall repertoire 

sampled at D654. Thus, it appears that a high affinity memory clone pool is established 

during the shark B cell response. 

 Similar to the observed trends in repertoire affinity, the diversity of the IgNAR 

repertoire peaked during the affinity maturation phase of the response (D233), before 

decreasing but remaining high in the memory response (D654). Rather than observing a 

shift in the memory repertoire toward a pauciclonal response biased to only a few expanded 

clones, the memory pool of both animals examined remained higher in diversity than the 

primary response and relatively heterogeneous. Thus, the nurse shark IgNAR repertoire 

increases in both affinity and diversity after repeated Ag exposure. 

 These results strongly suggest that the B cell selection model in sharks utilizes SHM 

to expand repertoire diversity while increasing binding affinity. IgNAR is known to mutate 

at high rates in an Ag-driven fashion [141, 267], but affinity maturation has been shown to 

be modest compared to mammalian Igs [266]. While high binding affinities of the 

polyclonal IgNAR repertoire were observed in this study, a decrease in the diversity of the 

repertoire was not observed, suggesting that SHM/clone selection is not significantly 

driving the response towards only a few high affinity clones. In fact, the IgNAR memory 

repertoire of two sharks immunized with HSA remained highly diverse with regards to 

CDR3 clonality. Maintenance of high binding affinity while expanding clone diversity has 

been observed in studies of human B cell responses to complex Ags such as influenza [154] 

and Plasmodium falciparum circumsporozoite protein [155]. The human memory B cell 

pool has also been found to be highly diverse [156]. Thus, my results strongly suggest a 
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conserved evolutionary role for SHM in jawed vertebrates to support repertoire 

diversification. 

 It remains to be determined whether the changes in IgNAR repertoire affinity and 

diversity observed in this study are a result of iterative rounds of SHM/selection in nurse 

shark B cell follicles re-utilizing the same pool of memory B cells, or repeated “waves” of 

selection and rapid SHM generating Ag-specific B cell clones which subsequently circulate 

in the periphery. Repeated “waves” of selection could mature the binding affinity of the 

repertoire by increasing the proportion of high affinity binding clones in the population. It 

also remains unknown how differentiation of memory B cells versus plasma cells is 

regulated in sharks. The degree to which memory B cells re-engage in GC reactions in 

mammals appears to be partially determined by homologous versus heterologous Ag 

boosting [120, 121, 157]. It is entirely unknown if shark memory B cell clones can re-enter 

follicles to continue SHM, but future work investigating oligoclonal lineages may reveal 

the degree to which clones are shared across repertoires.  

 The results of this study strongly suggest that SHM appeared early in vertebrate 

evolution to support both diversification and affinity maturation of the Ig repertoire. As the 

memory IgNAR repertoire attained high binding affinity without sacrificing diversity after 

repeated Ag exposure, I hypothesize that the recall response likely anticipates rapidly 

mutating pathogens to provide long-term protection to the host.  
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Chapter 5: Antigen-specific nurse shark IgNAR clones can be isolated from 

peripheral blood lymphocytes  

5.1. Introduction 

 The results of Chapter 4 illustrate the clone diversity and affinity dynamics of the 

nurse shark IgNAR repertoire over the course of an immune response. As I had examined 

the breadth of the IgNAR repertoire during the early, affinity matured, and memory 

response, I was interested to determine if I could isolate antigen (Ag)-specific clones 

against the immunizing target, human serum albumin (HSA). Examining the diversity and 

affinity of Ag-specific clones would indicate if the general trends I saw across the repertoire 

held true for the Ag-specific response to HSA. I hypothesized that there would be evidence 

of somatic hypermutation (SHM) diversifying the sequences of Ag-specific clones over the 

course of the response. However, to determine if this was the case, I first needed a method 

of isolating shark Ag-binding B cell clones from peripheral blood lymphocytes (PBLs). 

 Isolating Ag-specific B cells can be achieved through a variety of methods. One 

method employed extensively by our laboratory is phage display. Phage display has been 

effectively utilized in the past to isolate Ag-specific VNAR domains from libraries of 

IgNAR clones derived from nurse sharks immunized against a variety of Ags [reviewed in 

ref. 248]. These “phage-displayed” VNAR domains can then be selected or “panned” on 

immobilized Ag to enrich the proportion of Ag-specific clones present in the library. 

Panning generally consists of multiple rounds of binding, washing, and eluting phage, 

decreasing the Ag concentration for each round to favor the isolation of high affinity 

clones. Subsequently, these clones can be sequenced and the Ag-binding VNAR domains 

cloned for production in a variety of recombinant protein expression systems for 
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downstream analysis. A schematic of how phage display is performed for VNAR libraries 

is show in Figure 5.1.  
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Figure 5.1. Conducting phage display to isolate Ag-binding VNAR clones. 

 

Repeated rounds of phage display panning with decreasing Ag concentration can yield enrichment of Ag-

specific VNAR clones. These can then be applied for downstream analysis. 
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 While phage display has certainly proved useful, it can also fail to identify Ag-

specific clones if libraries are not of sufficient size or diversity. The production of the 

libraries in bacteria also tends to bias the libraries towards those clones that express and 

fold well in this system, thus clones that bind with high affinity but are produced at low 

levels can be lost. One alternative is to isolate Ag-specific B cell clones directly from 

peripheral blood. A variety of methods have been developed to isolate Ag-specific B cells 

[334, 335]. The difficulty in identifying Ag-specific cells is generally their low frequency 

in the peripheral B cell population, usually less than 1% [336, 337]. Additionally, isolation 

is generally limited to B cells with high surface BCR expression (typically naïve B cells or 

MBCs) and not Ag-specific plasmablasts or PCs with low BCR expression. This is not a 

limitation of phage display (as phage display library preparation relies on expressed Ig 

transcript); however, novel flow cytometry techniques have been utilized to isolate Ag-

specific plasmablasts [338]. One method for overcoming the rarity of Ag-specific B cells 

in the periphery is enrichment of Ag-binding cells with magnetic nanoparticles [339]. 

Enrichment of Ag-binding B cells prior to analysis by techniques such as flow cytometry 

provides improved detection of the B cell population of interest. Additionally, confirmation 

of magnetic nanoparticle enrichment via flow cytometry would provide a novel method for 

generating VNAR libraries directly from an Ag-binding population for subsequent phage 

display. In theory, this could increase the proportion of Ag-binders in the initial library, 

decreasing the number of panning rounds and/or clones screened to identify binders.  

Given this, I sought to establish a method for isolating Ag-specific nurse shark 

IgNAR B cell clones by magnetic activated cell sorting (MACS) and confirming 

enrichment by fluorescence activated cell sorting (FACS). Utilizing this method alongside 



169 

 

phage display, I endeavored to analyze the Ag-specific clone diversity in the HSA-

immunized sharks presented in Chapter 4. 

5.2. Materials and methods 

5.2.1. Generation of phage display libraries to identify HSA-specific IgNAR variable 

domain clones 

PBLs sampled from all four of the animals immunized with HSA (as described in 

Section 4.2.1) were used for RNA extraction and cDNA generation to make phage display 

libraries. RNA was extracted and cDNA produced as in Section 4.2.6, with two Superscript 

RT reactions per sample, each utilizing 2 µg RNA as input. The cDNA produced for each 

sample was used as input for PCR reactions to generate libraries of the IgNAR variable 

domains (VNARs) present at each sampling point. For each cDNA sample, 35 PCR 

reactions were prepared, each containing ~1 µL of cDNA (100 ng), and VNAR sequences 

were amplified by PCR using forward and reverse primers designed to flank the sequences 

of the framework regions and incorporate restriction digest sites: GcNAR-Fr1F1 (5’- 

ATAATAAGGAATTCCATGGCTCGAGTGGACCAAACACCG-3’) and a 1:1 mix of 

GcNAR-Fr4R1 (5’-ATAATCAAGCTTGCGGCCGCATTCACAGTCACGACAGTGC 

CACCTC-3’) and GcNAR-Fr4R2 (5’-ATAATCAAGCTTGCGGCCGCATTCACAGT 

CACGGCAGTGCCATCTC-3’). PCR cycling conditions were as follows: 1 cycle at 95°C 

for 1 min, 25 cycles at 95°C for 30 sec, 55°C for 30 sec, 72°C for 1 min, and 1 cycle at 

72°C for 2 min. PCR reactions for each sample were pooled and a small sample (~10 µL) 

was checked by gel electrophoresis to confirm amplification of VNAR sequences. Pooled 

PCR reactions were cleaned up using the QIAquick Gel Extraction Kit (Qiagen). 
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VNAR libraries were then digested with restriction enzymes NotI-HF and NcoI-

HF (NEB) at 37°C overnight. Two digests were performed per VNAR library with a 100 

µL volume per digest (2 µL NotI-HF, 2 µL NcoI-HF, 10 µL 10X CutSmart Buffer, 

remaining volume made up with VNAR library PCR product). The phagemid vector, 

pHEN2, was also digested overnight with NotI-HF/NcoI-HF in 100 µL reactions (2 µL 

NotI-HF, 2 µL NcoI-HF, 2 µL recombinant shrimp alkaline phosphatase, 10 µL 10X 

CutSmart Buffer, remaining volume made up with vector). Digested VNAR libraries and 

vector were subjected to gel electrophoresis (1% agarose gel for digested vector, 2% 

agarose gel for VNAR inserts) and excised and extracted from the gel using the QIAQuick 

Gel Extraction Kit. Extracted VNAR inserts and pHEN2 vector were analyzed by 1.5% gel 

electrophoresis to compare band intensities and estimate the ratio of insert to vector volume 

needed for ligation. VNAR libraries were then ligated with the pHEN2 vector at ~7:1 insert 

to vector volume ratio using T4 DNA ligase (NEB) in a total reaction volume of 30 µL (23 

µL insert, 3 µL vector, 1 µL T4 DNA ligase, 3 µL 10X T4 DNA Ligase Buffer), two 

reactions per library, overnight at 4°C.  

Phenol chloroform extraction and subsequent cold ethanol/sodium acetate 

precipitation of ligated VNAR libraries was performed to remove contaminating proteins 

and salts from the samples, and each VNAR library (10 µL) was transformed into 100 µL 

electrocompetent TG1 E. coli cells using a Bio-Rad Gene Pulser Xcell Electroporation 

System (preset bacterial, E. coli, 2 mm cuvette, 2.5 kV protocol). Transformed TG1 cells 

were incubated in a 37°C water bath in 1.5 mL 2xTY media for 1 h (see Appendix A.1 for 

recipes of all media used in experiments). A portion of the transformed cells was diluted 

10-fold for 5 serial dilutions, with each dilution plated on small TYE agar plates containing 
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ampicillin (100 µg/mL) and 2% glucose (TYE/A100/G2). The remaining TG1 cells were 

plated onto large TYE/A100/G2 bioassay plates. All plates were grown overnight at 30°C. 

Single colonies were selected from the dilution plates and used to inoculate individual wells 

of a 96 well culture plate containing 200 µL per well 2xTY/A100/G2 media (2 plates per 

library). Plates were grown overnight with shaking at 37°C, then 200 µL per well 

2xTY/A100/G2 containing 30% glycerol (v/v) was added and plates were frozen at -80°C. 

Bacteria were scraped off the large bioassay plates into 2xTY media, the VNAR libraries 

were then pelleted by centrifuging at 3900 rpm (2364 x g) for 10 min and resuspended in 

5 mL 2xTY/A100/G2 media containing 30% glycerol (v/v), aliquoted into 2 ml cryovials 

and frozen at -80°C. 

5.2.2. Monoclonal phage ELISAs to screen for HSA-binding VNAR clones 

 Glycerol plates containing clones selected from phage library dilution plates were 

used to inoculate individual wells of a new 96 well culture plate containing 200 µL per 

well 2xTY/A100/G2 media. Wells A1 and H12 of each plate were not inoculated to act as 

negative controls, and wells A12 and H1 were inoculated with the VNAR clone PBLA8, 

which binds hen egg lysozyme (HEL) to act as positive controls. These plates were grown 

at 37°C with shaking at 250 rpm for 4-5 h. After plates had reached an OD600 of 0.4-0.6, 

25 µL per well of 2xTY/A100/G2 media containing 109 M13K07 helper phage was added 

to the plates, and the plates incubated for a further hour at 37°C. Plates were centrifuged at 

1000 rpm (155 x g) for 10 min, the supernatant was removed and bacterial cell pellets 

resuspended in 200 µL per well of 2xTY media containing ampicillin (100 µg/mL), 

kanamycin (50 µg/mL), and 0.2% glucose (2xTY/A100/K50/G0.2). The resuspended cells 

were then transferred to a 96 deep-well culture plate containing 400 µL per well 



172 

 

2xTY/A100/K50/G0.2 media and sealed with a gas-permeable membrane. These plates 

were grown overnight at 30°C with shaking to produce phage. 

 The next day the deep-well culture plates were centrifuged at 1000 rpm for 10 min, 

and 400 µL per well of phage-containing supernatant was transferred to a new 96 deep-

well culture plate. To each well, 200 µL of chilled 20% (w/v) polyethylene glycol 6000 

/1.5 M NaCl (PEG/NaCl) was added, and the plates incubated on ice for a minimum of 1 

h to precipitate the phage. The culture plates were then spun at 3900 rpm for 20 min at 4°C, 

the supernatant removed from each well, and the phage pellets resuspended in 100 µL 3% 

MPBS.  

 Resuspended phage pellets were transferred to 96 well ELISA plates that had 

previously been coated with target Ag at 10 µg/mL; wells used for clone screening 

contained HSA, while positive control wells (A12 and H1) contained HEL which is the 

target of the VNAR clone PBLA8. Plates were coated with 100 µL per well Ag overnight 

at 4°C, washed with PBS, then blocked with 200 µL per well 3% MPBS for 1 h, and washed 

again with PBS. After addition of phage to the ELISA plates they were incubated for 1 h 

at room temperature. The wells were washed 3 times with 200 µL PBST, then incubated 

with 100 µL per well anti-M13 phage coat protein g8p mAb (Invitrogen) diluted 1:1000 in 

PBS for 1 h at room temperature. Wells were washed 3 times with PBST, then incubated 

with 100 uL per well goat anti-mouse HRP (Sigma) diluted 1:1000 in PBS for 1 h at room 

temperature. Wells were washed 4 times with PBST before signal was developed by the 

addition of 100 µl TMB liquid substrate per well. After a 5 min incubation the reaction was 

stopped by the addition of 100 µl 1M H2SO4 and the absorbance at 450 nm read on a 

Molecular Devices SpectraMax M5 microplate reader. 
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 Positive clones were identified as those with absorbance at 450 nm ≥3 times the 

negative control well signal. HSA-positive clones were selected and grown overnight at 

37°C 250 rpm in 10 mL cultures. The next day, 750 µL of the overnight cultures was used 

to inoculate fresh 10 mL media per culture, grown to an OD600 of 0.4-0.6, and infected 

with 1011 helper phage. Phage cultures were expressed as previously described and 

precipitated to obtain VNAR phage clones. These were retested by ELISA to confirm 

antigen binding. The remaining overnight 10 mL cultures were centrifuged (10 min at 3900 

rpm) and plasmid purified from the cell pellets using the QIAprep Mini Spin Kit (Qiagen) 

according to the manufacturer’s instructions. VNAR inserts were sequenced with LMB3 

(5’-CAGGAAACAGCTATGAC-3’) and pHENseq (5’-CTATGCGGCCCCATTCA-3’). 

5.2.3. Peripheral blood lymphocyte isolation, magnetic activated cell sorting, and 

fluorescence activated cell sorting 

Peripheral blood lymphocytes (PBLs) were isolated from whole shark blood using 

38.8% Percoll (Sigma-Aldrich) density gradients diluted in shark-modified Eagle's 

Minimum Essential Medium (EMEM supplemented with 14 mL 5 M NaCl, 50 mL 3.5 M 

urea, and 20 mL FBS per 500 mL) and centrifuged at 400 x g for 30 min at 8°C with no 

brake. The cells at the interface between the upper aqueous phase and the Percoll solution 

were collected and washed twice in shark-modified EMEM. The cells were resuspended in 

shark fluorescence activated cell sorting (sFACS) buffer (sPBS supplemented with 50 

µg/mL DNAse I, 0.02% fetal bovine serum, and 0.05% sodium azide) and counted. After 

counting, 3×106 cells per sample were set aside for isotype control staining. Cells were 

then centrifuged at 153 x g for 5 min and resuspended in shark magnetic activated cell 

sorting buffer (sMACS, sPBS supplemented with 2% FBS, 50 µg/mL DNAse I, 0.5 mM 
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CaCl2) to a concentration of 6×107 cells/mL. The target antigen, recombinant SARS-CoV-

2 RBD protein, was labelled with Alexa Fluor 647 (A647) using an Alexa Fluor 647 Protein 

Labeling Kit (Invitrogen) and biotin using the EZ-Link™ Sulfo-NHS-Biotin no weigh 

system protocol (Thermo Scientific). Cells were incubated with 1 µg biotinylated and 

AlexaFluor 647 labelled antigen for 30 min, then spun down and washed in sMACS. 

Afterwards, 3×106 cells per sample were set aside for total cell staining, and the remaining 

cells were spun down and resuspended in sMACS to a concentration of 1×108 cells/mL. 

Cells were incubated with 100 µL/mL EasySep Biotin Positive Selection Kit II cocktail 

(STEMCELL Technologies) at room temperature for 15 min, then incubated with 75 

µL/mL RapidSpheres at room temperature for 10 min. Samples were topped up to 2.5 mL 

with sMACS, then incubated in an EasyEights magnet for 7 min to separate antigen binding 

cells. The supernatant was removed and set aside as a negative population for staining, then 

samples were removed from the magnet and washed with 2.5 mL sMACS. Magnetic 

isolation was repeated 5 times, with the positive cell population finally washed and 

resuspended in 100 µL sFACS for staining with antibodies. Cells were aliquoted to 100 µL 

of 3×106 cells per well in a Nunc 96 well conical bottom polystyrene MicroWell plate. 

Cells were incubated with 100 µL primary mAb supernatant or isotype controls diluted 

1:250 in sFACS for 45 min on ice. Cells were pelleted by centrifuging for at 153 x g for 7 

min at 4°C and washed with sFACs, then incubated in 100 µL secondary antibody diluted 

1:250 in sFACS buffer for 45 min on ice. Cells were washed again and resuspended in 200 

µL sPBS supplemented with 50 µg/mL DNAse I and 0.05% sodium azide, then sorted on 

a BD Accuri C6 plus. Compensation was performed using control shark PBLs.   
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5.3 Results 

5.3.1. Identification of HSA-specific IgNAR clones by phage display 

 To identify any Ag-specific IgNAR clones present in the repertoires of HSA-

immunized sharks, I proceeded to build phage display VNAR libraries to screen for HSA-

binding clones. VNAR sequences were amplified by PCR from cDNA libraries produced 

from the RNA of PBLs harvested at D49 post-immunization (early primary), D233 (late 

primary), and D654 (memory), of all four HSA immunized sharks (Red, Blue, Yellow, and 

Green). These VNAR libraries were ligated into the phagemid vector pHEN2 and 

transformed into E. coli TG1 cells to establish phage display library stocks. This resulted 

in 12 different VNAR phage display libraries. Libraries were cultured and dilution series 

used to determine the size of each library (colony forming units or CFU/mL) to ensure 

sufficient clone diversity had been captured for screening. Library sizes are shown in Table 

5.1. Phage display libraries ranged from 105-107 clones, a satisfactory size for screening 

given these were from immunized animals, except for the shark Green D654 library that 

was of extremely small size (103 clones). Single colonies were then selected from dilution 

plates for monoclonal phage ELISAs. Approximately 200 clones per library were screened. 

None of the D49 libraries yielded Ag-specific clones, suggesting the frequency of HSA-

binding VNARs was lower than the percentage screened (0.02-0.2%). Next, the Red and 

Blue D654 libraries were screened, as these animals had both produced robust IgNAR 

memory responses, and I hypothesized that the memory IgNAR repertoire should exhibit 

a greater frequency of Ag-specific clones. Screening approximately 200 clones per library 

yielded a single positive clone from the Red D654 library: MD654P1B3. This clone was 

confirmed to bind HSA by expressing a small (~10 mL) phage culture and testing the 
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precipitated phage against HSA and a negative control antigen (HEL) at 10 µg/mL by 

ELISA. 
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Table 5.1. Phage library titers for VNAR libraries built from HSA-immunized sharks at 3 time points 

post-immunization (D49, D233, and D654). 
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 The initial library screens suggested Ag-specific clone frequency was low (<1/200 

clones), so I panned the D233 and D654 libraries of the two IgNAR-responding sharks 

(Red and Blue), attempting to enrich any Ag-binding clones. For both libraries, two rounds 

of panning were conducted against 100 µg/mL of HSA with moderate stringency of 

washes. This method was repeated in three independent experiments, two of which resulted 

in a sufficient number of clones (≥104 CFU/mL) returned after two rounds of panning for 

clone screening. Using the clones retrieved after pan 2, approximately 200 clones from 

each library were screened for HSA-binding by monoclonal phage ELISA. Positive control 

HEL-binding clones produced signal, indicating that the monoclonal phage assay was 

successful. Unfortunately, none of the phage display panning attempts resulted in the 

identification of new VNAR clones with confirmed HSA-binding.  

 The protein sequence of the single HSA-binding VNAR clone identified, 

MD654P1B3, is shown in Figure 5.2, aligned with two HEL-binding VNAR clones 

previously identified: a type II VNAR, PBLA8, and a type I VNAR, 5A7. The 

complementarity determining region (CDR)1, CDR3, and hypervariable regions (HV2 and 

HV4) of MD654P1B3 are highlighted in the amino acid sequence. Comparison to PBLA8 

and 5A7 demonstrates that MD654P1B3 is a type II VNAR, with non-canonical cysteine 

residues present in CDR1 and CDR3 (similar to PBLA8). These residues are predicted to 

form a disulfide bond between the CDR loops, extending CDR3 in a “finger-like” 

projection as seen in other type II VNARs [340]. The CDR3 of MD654P1B3 is 14 amino 

acids in length, a slightly shorter than average CDR3 for a type II VNAR [253]. 
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Figure 5.2. Alignment of HSA-binding VNAR clone, MD654P1B3, to previously identified HEL-

binding VNAR clones, PBLA8 and 5A7. 

 

The protein sequence for a VNAR clone binding HSA, MD654P1B3, isolated by phage display is shown 

aligned to two HEL-binding VNAR clones, PBLA8 and 5A7. CDR1 is highlighted in green, HV2 and HV4 

are highlighted in blue and magenta, respectively, and CDR3 is highlighted in yellow. Non-canonical cysteine 

residues characterizing VNAR types are highlighted in red. PBLA8 is a Type IIa VNAR, with non-canonical 

cysteine residues present in CDR1 and CDR3. 5A7 is a Type I VNAR, with non-canonical cysteine residues 

present in FR2 and FR4, and a pair of cysteine residues in CDR3. Comparison to these two VNAR clones 

demonstrates that MD654P1B3 is a Type IIa VNAR. For further clarification of VNAR types, see [248]. 
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5.3.2. Isolating Ag-specific IgNAR B cell clones from peripheral blood lymphocytes 

by MACS and FACS 

 Technical limitations inherent to isolating Ag-specific IgNAR clones by phage 

display (length of time needed for immunizations, material/time investment to screen 

libraries, library panning etc.) prompted an interest in determining the percentage of Ag-

specific IgNAR B cells in the periphery, and if these cells could be directly isolated from 

blood samples. Thus, I sought to establish a method for isolating Ag-specific shark B cells 

by MACS and FACS.  

The Ag chosen to develop this methodology was recombinant receptor binding 

domain (RBD) from the spike protein of Severe Acute Respiratory Syndrome Coronavirus 

2 (SARS-CoV-2). As part of an independent study, our lab had immunized two adult nurse 

sharks with full length SARS-CoV-2 spike protein to elicit IgNAR responses. As it had 

already been determined these animals were making robust anti-RBD IgNAR responses, 

and we had large amounts of RBD protein on hand, the spike-immunized sharks provided 

useful test subjects for trialing the B cell isolation method. Two adult nurse sharks that had 

not been immunized with SARS-CoV-2 spike protein were included for comparison. 

 Recombinant SARS-CoV-2 RBD protein labelled with Alexa Fluor 647 (A647) 

and biotin as per Section 5.2.3. This antigen was then used in the B cell isolation protocol 

following the strategy detailed in Figure 5.3. Briefly, shark PBLs isolated from blood were 

incubated with RBD-A647-biotin. RBD-binding B cells were then enriched by MACS. 

Enrichment was detected by FACS by staining shark B cells with mouse mAbs targeting 

shark IgM and IgNAR, then detecting with an anti-mouse IgG mAb labelled with Alexa 

Fluor 488 (A488). Thus, after gating on single shark lymphocytes by forward scatter and 
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side scatter parameters, B cells could be identified by gating on A488+ cells, and Ag-

specific B cells could be identified by further gating on A647+ cells. Experimental and 

control samples demonstrated little to no overlap in A488 and A647 signal, as the 

fluorescent detection channels (green and far-red, respectively) are widely separated by 

wavelength.  
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Figure 5.3. Labelling strategy for isolating Ag-specific B cells by MACS and FACS. 

 

The Ag utilized in labelling experiments was SARS-COV2 RBD, labelled with A647 and biotin. Ag-specific 

shark B cells binding RBD-A647-biotin were enriched by MACS using anti-biotin magnetic beads. Shark B 

cells were then labelled with mAbs detecting shark IgM, IgNAR, or a cocktail labelling both isotypes. 

Enrichment of Ag-binding B cells was determined by comparing the percentage of A647+ cells within the 

A488+ population of cell fractions before and after MACS enrichment. Negative control cells were subjected 

to MACS enrichment and FACS labelling, but without incubation of RBD-A647-biotin antigen.  
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 In the MACS enrichment experiments, PBLs were pooled into two groups: one 

group from the immunized sharks and one group from the unimmunized sharks. Pooling 

of PBLs provided sufficient B cells to test multiple experimental conditions. Enrichment 

of Ag-specific B cells was assessed by comparing the percentage of A488+ cells (shark B 

cells) that were also A647+ (Ag-binding) in the total cell fractions (cells before enrichment 

and not subjected to MACS) and enriched cell fractions collected post-MACS (positive 

MACS population). Fold enrichment was calculated by dividing the percentage of A647+ 

B cells in the enriched fraction by the percentage of A647+ B cells in the total fraction.  

Cells from the negative MACS population (Ag-specific depleted cells) were also collected 

and compared to enriched and total fractions. Initial experiments tested varying 

concentrations of Ag (0, 0.1, 0.5, and 1 µg RBD-A647-biotin) to determine the effect of 

Ag levels on enrichment purity. B cells in these experiments were labelled with a cocktail 

of mAbs detecting both shark IgM and IgNAR, thus labeling all B cells. Comparing B cells 

from immunized sharks to the unimmunized sharks, little Ag-binding could be detected in 

cells incubated with 0.1 µg of RBD. However, incubation with 0.5 µg RBD demonstrated 

~7-fold enrichment of Ag-specific B cells from the immunized sharks (Figure 5.4A), 

compared to no enrichment from the unimmunized animals (Figure 5.4B). Increasing RBD 

to 1 µg enriched for Ag-specific B cells from immunized samples (~4-fold), but also led to 

a population of “enriched” cells (~3-fold) in unimmunized samples (data not shown). These 

could be false positive cells or Ag-binding cells naturally present in the B cell repertoire of 

the naïve animals. 

 Next, I tested the degree to which IgNAR+ B cells could be enriched from 

peripheral blood. To achieve this, cells were labelled separately with either an anti-IgNAR 
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mAb or anti-shark IgM mAb, rather than a cocktail of mAbs, to separate IgNAR+ and IgM+ 

shark B cells in the downstream analysis. Given that circulating IgNAR levels are much 

lower than those of IgM, I hypothesized that a significantly smaller population of B cells 

would be IgNAR+ in peripheral blood compared to bulk labelling all Ig+ cells. Thus, I 

incubated the cells with 1 µg of RBD-A647-biotin attempting to increase the Ag-specific 

signal and compensate for the decreased frequency of IgNAR+ cells. This method resulted 

in ~20-fold enrichment of IgNAR+/RBD-A647+ cells from the immunized nurse sharks 

(Figure 5.5A) suggesting I had developed a viable strategy for isolating Ag-specific IgNAR 

shark B cells from peripheral blood. Some enrichment (~4-fold) of cells was seen in 

unimmunized samples (Figure 5.5B), likely due to the 1 µg of Ag labelling nonspecific 

binders or low affinity binders from the naïve repertoire. However, even with some degree 

of background signal, these results indicate this is a useful technique to enrich low 

frequency populations of Ag-specific B cells.  
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Figure 5.4. Enrichment of Ag-specific B cells from peripheral blood of nurse sharks using 0.5 µg of Ag. 

 

Cytograms of total, enriched, and depleted cell fractions after MACS and FACS of peripheral blood 

lymphocytes collected from A. nurse sharks immunized with SARS-COV2 RBD and B. unimmunized nurse 

sharks. Analyses were gated on shark lymphocytes based on forward and side scatter, and further gated on 

Ig+ positive B cells.  
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Figure 5.5. Enrichment of Ag-specific IgNAR B cells from peripheral blood of nurse sharks using 1 µg 

of Ag. 

 

Cytograms of total, enriched, and depleted cell fractions after MACS and FACS of peripheral blood 

lymphocytes collected from A. nurse sharks immunized with SARS-COV2 RBD and B. unimmunized nurse 

sharks. Analyses were gated on shark lymphocytes based on forward and side scatter, and further gated on 

IgNAR+ positive B cells.  
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5.4. Discussion 

 I achieved mixed results in my ability to isolate Ag-specific IgNAR clones from 

the periphery of immunized nurse sharks. My phage display approach yielded only a single 

clone from shark Red which was sequenced and confirmed to bind HSA. However, the 

absence of any further clones, either from this animal or others, prevented me from 

analyzing the Ag-specific repertoire in terms of diversity or affinity. It is unsurprising that 

I could not identify Ag-specific clones from sharks Yellow and Green given that as neither 

of these animals produced a robust IgNAR response, as evidenced by the results of Chapter 

4. Typically, our lab waits for the animal to achieve high IgNAR titers against the 

immunizing Ag before we attempt to isolate clones by phage display. While sharks Red 

and Blue did produce IgNAR responses to HSA, these libraries also failed to yield a high 

diversity of clones. Even repeated attempts at panning failed to produce Ag-specific clones.  

 The failure to isolate clones likely stems from the initial library sizes. The majority 

of VNAR libraries consisted of 105-106 clones; at this size, Ag-specific frequency may have 

been too low to detect without significant (three rounds) of panning and/or extensive clone 

screening. While panning was attempted on the Red and Blue libraries, only two rounds 

were performed against 100 µg/mL Ag concentration. Increasing the number of rounds of 

panning while decreasing Ag concentration would likely isolate low frequency, high 

affinity clones, but to the detriment of clone diversity.   

 While only a single HSA-binding clone (MD654P1B3) was isolated, some aspects 

of this VNAR clone are worth noting. MD654P1B3 appears to have a slightly truncated 

CDR3 for a Type II VNAR [253], at only 14 amino acids in length. The cysteine residues 

found in Type II VNARs CDRs produce disulfide bonds that result in extended “finger-
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like” projections [reviewed in ref. 248] which can penetrate cryptic Ag sites such as 

enzymatic clefts [340]. Thus, a shorter CDR3 may alter how MD654P1B3 interacts with 

HSA. The CDRs of MD654P1B3 also contain aromatic residues, specifically a 

phenylalanine (F) in CDR1 and tryptophan (W) in CDR3, as well as tyrosine (Y) residues. 

Aromatic residues are key determinants of protein-protein interactions [341, 342] and are 

important in antibody binding sites for Ag contact [343]. It would be beneficial to 

determine the binding affinity of MD654P1B3 for HSA, as well as obtaining a crystal 

structure to see how this VNAR clone interacts with the Ag. Furthermore, there is a 

precedent for the usefulness of HSA-binding VNARs as tools for altering the 

pharmacokinetic properties of therapeutics [344], making this clone worth pursuing for 

future applied research. 

 My technique for enriching Ag-specific IgNAR B cells using MACS was 

confirmed to be successful, demonstrating ~7-fold enrichment of Ig+ B cells (IgNAR/IgM) 

with 0.5 µg of Ag and ~20-fold enrichment of IgNAR+ B cells with 1 µg Ag. Clearly, this 

technique will be useful in the future for isolating Ag-specific IgNAR B cells. Several 

avenues of future research could be explored going forward. One, MACS enrichment of B 

cells after conducting immunization studies could be used to produce a pool of Ag-specific 

enriched clones and cDNA for VNAR library building, as opposed to the current phage 

display strategy that relies on bulk PBL isolation and then cDNA library preparation. This 

method may enhance the proportion of Ag-specific clones in the initial VNAR library, thus 

making the isolation of clones of interest more efficient. Further, MACS enrichment could 

be sensitive enough to allow for detection of low frequency clones earlier (<1 month) in 

the response rather than the conventional phage display approach that requires Ag-specific 
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titers to reach suitable levels (≥3 months). Other downstream applications of MACS 

enrichment include enumerating frequencies of Ag-specific clones, whether by techniques 

such as FACS or enzyme-linked immunospot (ELISpot), at various time points post-

immunization, or attempts to isolate MBCs in the shark peripheral blood to characterize 

their phenotypes.  

 While my experimental efforts failed to generate sufficient data to examine the Ag-

specific IgNAR repertoire, they do provide a useful foundation for the future isolation of 

Ag-specific IgNAR clones directly from the nurse shark periphery. Future studies can 

employ the methods described here to further characterize the biology of the nurse shark B 

cell response. 
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Chapter 6: Conclusions and future directions 

6.1. Significant findings  

 The specific aims of this study were twofold: (1) to determine the cellular model 

by which cartilaginous fishes select antigen (Ag)-specific B cell clones in their secondary 

lymphoid organ (SLO), the spleen, in the absence of true germinal centers (GCs), and (2) 

to determine if/how this B cell selection model changes the affinity and diversity of the 

shark immunoglobulin (Ig) repertoire over the course of an immune response.  

 To address these aims, I applied a variety of cutting-edge techniques never before 

utilized in the nurse shark model system, including single nuclei RNA sequencing (snRNA-

seq), multiplex RNAscope fluorescence in situ hybridization (RNA FISH), laser 

microdissection (LMD), and high-throughput bulk Ig sequencing and repertoire analysis. 

This provided unprecedented insight toward both the orchestration of B cell selection in 

nurse sharks and the dynamics of their Ig repertoires.  

First, I demonstrated that B cell selection in the nurse shark spleen exhibits the 

functional analogs of the GC reaction in mammals. The model elucidated in Chapter 2 

displays (1) proliferative CXCR4+, centroblast-like B cells segregated along the 

circumference of the follicle expressing AID, and CXCR5+, centrocyte-like B cells 

undergoing selection in the center of the follicle, (2) functional equivalents of mammalian 

Tfh cells distributed within the follicle capable of providing co-stimulation, (3) 

professional Ag presenting cells (APCs) and presentation of nondegraded Ag in the central 

selection zone of the follicle, and (4) Ag-driven mutation and selection of B cell clones. 

The results of Chapter 3 suggest that the transcription factor BCL6, which dictates both 

GC B cell and Tfh cell differentiation in mammals, is also actively involved in regulating 
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B cell selection and Tfh-like cells in the nurse shark. Clearly, even in the absence of true 

GCs, cartilaginous fishes possess the necessary cellular components to facilitate selection 

of B cell clones.  

 Second, I have shown that the nurse shark humoral response ultimately produces 

an Ig repertoire that is of both high affinity and clonally diverse. The results of Chapter 4 

describe what is one of the longest and most comprehensive studies of the nurse shark 

humoral response to date. Interestingly, I observed uncoupling of the major Ig isotypes 

comprising the adaptive, T-dependent nurse shark B cell response, monomeric (m)IgM and 

IgNAR. While my data shows that IgNAR repertoires are dynamic with regard to affinity, 

they generally increased in diversity after repeated Ag exposure. The recall memory 

response, rather than being dominated by only a few clones, displayed higher VNAR clone 

diversity than the early primary response. While isolation of Ag-specific clones remains a 

challenge in sharks, as in most model species, the results of Chapter 5 provide a foundation 

for the future detection and enrichment of peripheral Ag-binding B cells.  

 Collectively, the results of this study demonstrate that organized B cell selection 

sites first arose in a jawed vertebrate common ancestor. Further, that diversification of the 

Ig repertoire, protecting the host against future infections by pathogen variants (e.g., 

rapidly mutating viruses), was the main selective advantage of SHM. These findings are 

summarized in Figure 6.1.  
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Figure 6.1. Results of investigative aims reveal dynamics of the shark Ig response.  
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6.2. Evolution of secondary lymphoid organs  

While jawless vertebrates exhibit a primitive primary lymphoid organ [180] and 

proliferating lymphocytes in various tissues [174], definitive SLOs have not been identified 

in agnathans. This places the development of SLOs concurrent with the emergence of 

jawed vertebrates. A comparative examination of SLO architecture across jawed 

vertebrates reveals progressive sophistication of B cell/T cell organization from 

cartilaginous fishes (herein) to birds and mammals [reviewed in ref. 221]. Similar to the 

extrafollicular T cell aggregates that associate with the perimeter of B cell follicles in the 

nurse shark spleen, “double-duty” XL cells recruit T cells to the border of B cell follicles 

in amphibians [217]. However, in Xenopus laevis these XL cells present Ag to B cells in a 

ring at the borders of the white pulp rather than in the center of follicles as in sharks. As 

amphibians are the first vertebrate taxa with bona fide CSR [216], it is possible this 

configuration supports more efficient cognate B and T cell interactions than the nurse shark 

selection model. It is also possible this microarchitecture is unique to Xenopus. Increasing 

histological complexity is seen in mammals and birds where there are distinct B and T cell 

zones and the formation of true GCs. However, it is worth noting that the GC organization 

in chickens strongly resembles that of the B cell follicles in nurse shark, with a central 

“LZ”-like region and peripheral “DZ”-like ring containing proliferative B cells [226]. In 

contrast, bony fishes appear to lack distinct B cell follicles/white pulp, and the 

melanomacrophage  centers (MMCs) of bony fish have been proposed as GC analogues 

[212]. As melanomacrophages are not found in the spleen of the (more evolutionary 

ancient) cartilaginous fishes, the most parsimonious explanation is that MMCs are a 

derived feature unique to the teleost fishes.  
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 The selection sites I identified in nurse shark clearly possess all the fundamental 

components required for B cell selection. Thus, the outstanding question remains, what 

selective advantage, if any, do GCs provide endothermic vertebrates? As the GC is a 

distinct microanatomical structure founded by Ag-binding B cell clones, it is possible that 

GCs allow for faster and more efficient selection of Ag-specific B cells compared to the 

model I propose in nurse sharks, which needs to orchestrate selection across the entire 

follicle. This may allow the endothermic adaptive immune system to “keep up” with 

rapidly replicating pathogens that would not be as threatening to the host at the lower body 

temperature of an ectotherm [345]. Endothermy may also provide a higher rate of 

metabolism to support the rapid and proliferative nature of GCs that may not be possible 

or even beneficial to an ectothermic organism [346].  More efficient selection in GCs may 

also explain the relatively faster rate at which Ag-specific titers increase in mammals (days 

to weeks) compared to sharks (months) [260]. However, the evolutionary success of 

cartilaginous fishes proves that even a less complex model of B cell selection affords 

sufficient protection to the host organism.  

6.3. Somatic hypermutation as a mechanism for diversification 

 One of the aims of this project was to investigate the hypothesis that SHM evolved 

primarily as a mechanism to diversify the Ig repertoire, rather than to support affinity 

maturation [150]. The results presented in this thesis do support the hypothesis that SHM 

first emerged as a method of Ig repertoire diversification. Specifically, B cells expressing 

AID and presumably undergoing SHM were found to be abundant at the circumference of 

the splenic follicles. The mutational patterns observed for VNARs isolated from splenic 

follicles demonstrate Ag-driven selection occurs. While I cannot confirm if iterative rounds 
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of SHM/selection are occurring, these results strongly suggest the B cells return to test their 

receptors against Ag after mutating. If they did not return to the LZ-equivalent region, one 

would expect mutations to accumulate at random across the VNARs. The results of Aim 1 

suggest a highly diverse Ig response; over 100,000 unique VNARs were isolated from 

splenic follicles with high mutational variability. While it was not possible to collect data 

from a single follicle, my results do not support homogenizing selection towards a minority 

of clones.  

 Aim 2 demonstrated that the B cell selection model of Aim 1 generates a diversified 

IgNAR response without sacrificing affinity upon repeated Ag exposure. If SHM was 

maintained in the jawed vertebrate lineages because it provided a species with a mechanism 

for directing immune responses towards high affinity but low diversity Ig repertoires, I 

would have expected a low diversity memory repertoire in the nurse shark. Instead, the 

opposite result was observed; high affinity polyclonal Ig repertoires were maintained while 

simultaneously increasing clone diversity. These results agree with what has been observed 

in human B cell responses to complex antigens for both whole Ig repertoires and Ag-

specific Ig repertoires [154-156, 347]. This study supports the conclusion that a complex 

system of B cell selection, utilizing AID-mediated SHM of BCRs, arose early in vertebrate 

evolution, and that system broadly supports the long-term generation of high affinity, 

diverse Ig repertoires in response to repeated Ag exposure.  

6.4. Implications for the evolution of adaptive immunity 

 For researchers studying the various immune defenses present in life on Earth, one 

major question has always presented itself: what was the evolutionary advantage of 

adaptive immunity [348]? The immunological “Big Bang” [183, 349] emergence of 
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adaptive immunity in vertebrates could have occurred because the specificity of BCRs and 

T cell receptors (TCRs) supersedes the protection of the generalized innate defenses of 

pattern recognition receptors (PRRs). However, the selective advantage of BCRs/TCRs is 

not definitive given (1) the risk of autoimmunity [350], (2) the low precursor frequency of 

Ag-specific lymphocytes limiting responses [138, 351], and (3) the metabolic costs 

imposed by immunity [352]. Additionally, the majority of animal species are invertebrates 

[159, 353] that persist solely with innate immunity. Plants also defend against pathogens 

with only innate defenses [354-356], and it is not as though the evolution of adaptive 

immunity has rid the vertebrate lineages of disease burdens [357].  

Furthermore, as expounded by Zinkernagel on numerous occasions [358-360], 

while immune memory clearly exists for the adaptive system [361, 362], an argument can 

be made that memory responses offer little to no evolutionary advantage: if the primary 

response is sufficient to defend the host organism and permit reproduction, memory 

responses confer little selective advantage. If the primary response cannot defend the host 

and the host succumbs to infection, then memory is pointless [360]. How can these 

observations be reconciled with the obvious facts that (1) once evolved, adaptive immunity 

has been retained in vertebrate lineages, and (2) the adaptive immune system provides 

long-term protection in the form of immunological memory? The results of this dissertation 

may help us answer these questions. 

Ecological immunology views the differences in species’ immune defenses as 

evolutionary trade-offs in host protection versus life history strategy, particularly 

reproduction [363, 364]. In ecology, species were historically classified as r- or K-selected 

[365], but this theory has been replaced by newer paradigms [366]. Nevertheless, 



197 

 

organisms can be broadly categorized as those that produce many offspring, mature 

rapidly, and reproduce frequently with short generation times, and those that produce fewer 

offspring, mature slowly, reproduce infrequently, and have longer generation times. We 

can imagine a prototypical invertebrate species with a “fast” reproductive strategy and only 

an innate immune system with optimum fitness, and a prototypical jawed vertebrate with 

a “slow” reproductive strategy which only achieves optimum fitness with an innate and 

adaptive immune system. 

If the populations of both species are confronted with a novel pathogen, some 

individuals will succumb to the infection while some will survive to reproduce due to 

individual heterogeneity in immunity. For both species, it can be assumed that the 

generation time of the pathogen will always be faster than that of the host, requiring the 

host immune system to constantly evolve to “stay in place” with the emergence of pathogen 

variants  (Red Queen hypothesis) [367]. For the prototypical invertebrate, innate immunity 

could be sufficient for the survival of the species because its “fast” reproductive strategy 

could allow for adequate evolutionary time to “keep up” with the pathogen. However, for 

a prototypical jawed vertebrate that has evolved a “slower” reproductive strategy, innate 

immunity alone may not be sufficient – its generation time may not be short enough to 

produce offspring that survive the next pathogen wave. Yet, if this species evolved an 

adaptive immune system similar to that observed in sharks, slow to respond but one that 

can select Ig clones for a diverse memory repertoire to anticipate pathogen mutations, then 

the species may be able to avoid extinction. Thus, the selective advantage of both adaptive 

immunity and immunological memory may be tied to the evolution of reproductive 

strategies in jawed vertebrates. This idea is summarized in Figure 6.2. 
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Figure 6.2. Reproductive strategy as a potential driver of immune system evolution.  

 

Ancient invertebrates may never have needed an adaptive immune system, as their relatively faster 

reproductive strategies allowed them to “keep up” with evolving pathogens. Jawed vertebrates may have had 

selective pressures to evolve an adaptive immune system that provided a memory response that could 

anticipate pathogen mutations to compensate for relatively slower reproductive strategies.  
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This hypothesis undoubtedly relies on broad generalizations, but some evidence for 

it is offered by comparative immunology studies. Invertebrate innate immune systems have 

their own mechanisms of receptor diversification [162-165], suggesting this is not wholly 

unique to the Ig/TCR system of jawed vertebrates. Extreme cases in the teleost lineages of 

loss of adaptive immune function in cod [368] and anglerfish [211] suggest that not only 

is adaptive immunity dispensable as life history strategies change, but that it may be 

correlated with trade-offs in reproductive strategy. Reduced complexity of SLOs in many 

bony fishes [213, 221] may also be due to the evolutionary trade-off of high fecundity in 

many teleost species [369]. Finally, if adaptive immunity initially arose focused on long-

term responses, it may explain why GCs and follicular dendritic cells seemingly evolved 

twice in the endothermic vertebrate lineages (birds and mammals). Focusing of the B cell 

selection process may have been necessary to accelerate the primary response to combat 

pathogens which replicate faster, and thus overcome the innate immune system, in an 

endothermic host.  

 Trained immunity has recently been identified as a memory phenomenon for the 

innate immune system in which epigenetic reprogramming allows innate immune cells to 

generate faster secondary responses [370, 371]. However, none of these trained immune 

responses have approached the length of protection seen for adaptive immune memory, 

which can last for several years [268] to the entire lifetime of an organism [4]. As further 

comparative research is conducted on the myriad of defenses utilized by both invertebrates 

and vertebrates, we can only hope to learn more about the fundamental processes that 

determine why and how the immune system responds to pathogens. 
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6.5. Future directions 

 While this study greatly improves our understanding of the evolution of the B cell 

response, there remain limitations that could be improved upon in future work. The 

snRNA-seq data in Chapter 2 revealed many of the cell types present in the nurse shark 

spleen, but identification of certain subtypes was restricted due to the whale shark 

(Rhincodon typus) genome annotation. Research suggests sharks are capable of producing 

a similar range of T cell subsets as mammals [191]. Unfortunately, as cytokines of the 

interleukin family are the main functional outputs of many T cell subsets, and these tend 

to be fast evolving genes that are difficult to identify, even in closely related lineages [191, 

194], there was not sufficient annotation to identify functional equivalents of Th1, Th2, or 

Th17 cells in the nurse shark. It is also challenging to identify an APC equivalent that can 

present B cell epitopes in nurse shark, as the complement receptor/Fc receptor genes are 

also fast evolving and difficult to identify or poorly annotated in the whale shark genome. 

Thus, future studies focused upon improving the genome annotation and identification of 

these key ortholog genes in cartilaginous fishes will help to determine if functional analogs 

of these cell types are indeed present in sharks. 

 It was unfortunate that I was unable to generate a reagent for detecting nurse shark 

BCL6 in situ as detailed in Chapter 3. There is often difficulty generating Ab reagents 

against shark proteins; Abs which bind the recombinant protein do not always bind the 

native protein or work in the required assay format (ELISA, Western blot, microscopy 

etc.). With greater resource investment, it is possible that an anti-BCL6 monoclonal Ab 

(mAb) which binds both recombinant and native protein could be generated. This would 

likely require screening of many hybridoma clones – a costly undertaking if performed as 
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fee-for-service. However, an anti-BCL6 mAb would not only confirm the role of BCL6 in 

regulating B cell selection in cartilaginous fishes, but it could allow for isolation of Tfh-

like cells by intracellular nuclear FACS if they express BCL6 as a master transcription 

factor.  

 The IgNAR repertoire data of immunized sharks presented in Chapter 4 point to 

several avenues of future investigation. While it was a major technical hurdle to develop a 

method for analyzing shark Ig sequences in a manner similar to human/mouse Ig 

sequences, the groundwork laid by this study allows for future experiments to investigate 

sequence diversity in much greater depth. The next logical question to address is how 

oligoclonal lineages of VNARs change with regard to SHM over the course of the response. 

Tracking clonal dynamics overtime should reveal if the Ig repertoire is diversified from a 

few clonal lineages/CDR3s subsequently expanded by SHM, or if the selection process 

outputs many lineages with moderate levels of SHM. Finally, these analyses could be 

applied to LMD of single B cell follicles to investigate clonal dynamics at the sites of 

selection. This would likely yield greater insight towards the evolution of SHM and Ig 

repertoire diversification.  

 Another limitation of the results of Chapter 4 was the inability to investigate the 

Ag-specific repertoire. While Chapter 5 demonstrated techniques for isolating Ag-specific 

clones, these methods require further application to assess how the Ag-specific repertoire 

changes with repeat Ag exposure. Phage display is useful but proved limited in its ability 

to isolate a wide diversity of Ag-binding VNARs. Magnetic nanoparticle enrichment 

should be applied in the future on immunized animals to determine if phage libraries built 

from enriched samples yield greater sensitivity in downstream monoclonal phage ELISAs. 
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This would greatly improve our ability to detect Ag-specific clones, while also possibly 

allowing for earlier library construction/reduced panning to streamline phage display.  

6.6. Final conclusions  

 It remains to be understood how to fully tailor vaccines to produce desired antibody 

responses. Broadly neutralizing antibodies remain the goal of vaccination strategies against 

several diseases such as influenza and HIV. It also remains to be determined what 

vaccination strategies best engage secondary B cell responses, and whether homologous or 

heterologous boosting is most effective at producing desired outcomes [120, 121, 157]. 

Slow or sustained delivery of Ag in non-conventional vaccination strategies may also lead 

to longer GC reactions, increased antibody titers, and broadly neutralizing antibodies [372, 

373]. Such strategies may actually mimic the Ag kinetics of B cell selection in sharks, 

where the response is naturally long-term and apparently biased towards repertoire 

diversification. This study relied on homologous Ag boosting in nurse sharks but 

demonstrated that the central mechanics of B cell selection can produce a diversified 

memory B cell response. This is just one example of how comparative studies can inform 

our understanding of the nature of the immune system. 

 Answering major questions about immunity will always be a multi-pronged 

approach of both basic and applied research in conventional and non-conventional model 

systems. The comparative immunology strategy of addressing evolutionary questions in 

distant taxonomic lineages reveals the fundamentals of immune defenses. Here, I have 

shown that the functional components of mammalian GC-selection are present in the B cell 

response of sharks, and that they generate both high affinity and diverse Ig repertoires. We 

must continue to uncover new tools to investigate B cell responses, T cell function, and 
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cytokine regulation in this key jawed vertebrate lineage. Not only will that allow us to 

improve our understanding of the evolution of the immune system, but it will allow us to 

apply that understanding to alleviate disease burdens in humans. 
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Appendix 

A.1. Media recipes 

2xTY 

 

16 g tryptone 

10 g yeast extract 

5 g NaCl 

 

Make up to 1 L in MilliQ water and autoclave. 

 

 

TYE agar 

 

10 g tryptone 

5 g yeast extract 

8 g NaCl 

15 g agar 

 

Make up to 1 L in MilliQ water and autoclave. 
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A.2. Supplementary figures and tables 

 

Supplementary Table 2.1. Statistics on snRNA-seq data and mapping outcomes. 

 

Sample 1 was taken from a D40 post-immunization animal, sample 2 from a D50 post-immunization animal. 

 

 

 

 

 

 

 

Supplementary Table 2.2. StarSolo parameters tested to optimize outcomes of mapping nurse shark 

snRNA-seq data to the whale shark reference genome.  
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Supplementary Table 2.3. Summary statistics for snRNA-seq data generated for nurse shark spleen 

samples in this study. 

 

Sample 1 was taken from a D40 post-immunization animal, sample 2 from a D50 post-immunization animal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 4.1. Diversity statistics produced using VDJtools for VNAR repertoires of HSA-

immunized sharks. 

 

Clonotypes are defined by unique CDR3 amino acid sequence for diversity calculations.  
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Supplementary Figure 2.1. Consistency of snRNA-seq data obtained from the spleen of two shark 

individuals. 

 

A. UMAP plots of the individual sharks. Sample 1 came from a D40 post-immunization animal, sample 2 

from a D50 post-immunization animal. B. Contribution of each sample to the individual cell clusters 

presented in the integrated UMAP (i.e., Figure 2.1A). 
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Supplementary Figure 2.2. Presentation of nondegraded antigen in the spleen of nurse shark.  

 

A. Fluorescence microscopy images showing representative staining of monoclonal antibodies targeting 

IgNAR (green) in nurse shark B cell follicles, with no R-phycoerythrin (PE) fluorescent signal (magenta) 

present in B cell follicles at D10 post-immunization, and some PE fluorescent signal present in B cell follicles 

at D30 post-immunization, and presentation of PE in the center of B cell follicles at D40. PE appears primarily 

in the extrafollicular space at D50. B. No PE signal was found in non-immune response related organs 

(muscle, kidney, epigonal, and liver, D50 post-immunization representative images shown). C. Fluorescence 

microscopy images showing representative staining of monoclonal antibody targeting PE (green) at a 1:250 

dilution versus isotype control in nurse shark spleen D40 post-immunization with PE present in follicles 

(magenta). In all images cell nuclei stained with DAPI (blue). 
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Supplementary Figure 2.3. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 2.4. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 2.5. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 2.6. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 2.7. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 2.8. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 2.9. High resolution composite image of D40 spleen section.  

 

Additional composite fluorescence microscopy image of spleen sections at D40 post-immunization stitched 

together from multiple images taken with the 10X objective. Sections are stained with monoclonal antibody 

labeling IgNAR B cells (green), cell nuclei are stained with DAPI (blue), and natural PE fluorescent signal 

is captured (magenta). 
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Supplementary Figure 4.1. High resolution CDR3 spectratype for shark Red, D49. 

 

The top 10 most frequent VNAR clonotypes (CDR3 amino acid sequence) are indicated by color on 

spectratype. 
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Supplementary Figure 4.2. High resolution CDR3 spectratype for shark Red, D233. 

 

The top 10 most frequent VNAR clonotypes (CDR3 amino acid sequence) are indicated by color on 

spectratype. 
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Supplementary Figure 4.3. High resolution CDR3 spectratype for shark Red, D654. 

 

The top 10 most frequent VNAR clonotypes (CDR3 amino acid sequence) are indicated by color on 

spectratype. 
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Supplementary Figure 4.4. High resolution CDR3 spectratype for shark Blue, D49. 

 

The top 10 most frequent VNAR clonotypes (CDR3 amino acid sequence) are indicated by color on 

spectratype. 
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Supplementary Figure 4.5. High resolution CDR3 spectratype for shark Blue, D233. 

 

The top 10 most frequent VNAR clonotypes (CDR3 amino acid sequence) are indicated by color on 

spectratype. 
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Supplementary Figure 4.6. High resolution CDR3 spectratype for shark Blue, D654. 

 

The top 10 most frequent VNAR clonotypes (CDR3 amino acid sequence) are indicated by color on 

spectratype. 
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Supplementary Figure 4.7. High resolution clonality plot for shark Red, D49. 

 

Clonality plot for VNAR repertoire. The inner layer (“set”) includes the frequency of singleton (“1”, met 

once), doubleton (“2”, met twice) and high order (“3+”, met three or more times) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for clonotypes from “3+” set. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 
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Supplementary Figure 4.8. High resolution clonality plot for shark Red, D233. 

 

Clonality plot for VNAR repertoire. The inner layer (“set”) includes the frequency of singleton (“1”, met 

once), doubleton (“2”, met twice) and high order (“3+”, met three or more times) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for clonotypes from “3+” set. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 
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Supplementary Figure 4.9. High resolution clonality plot for shark Red, D654. 

 

Clonality plot for VNAR repertoire. The inner layer (“set”) includes the frequency of singleton (“1”, met 

once), doubleton (“2”, met twice) and high order (“3+”, met three or more times) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for clonotypes from “3+” set. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 
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Supplementary Figure 4.10. High resolution clonality plot for shark Blue, D49. 

 

Clonality plot for VNAR repertoire. The inner layer (“set”) includes the frequency of singleton (“1”, met 

once), doubleton (“2”, met twice) and high order (“3+”, met three or more times) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for clonotypes from “3+” set. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 
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Supplementary Figure 4.11. High resolution clonality plot for shark Blue, D233. 

 

Clonality plot for VNAR repertoire. The inner layer (“set”) includes the frequency of singleton (“1”, met 

once), doubleton (“2”, met twice) and high order (“3+”, met three or more times) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for clonotypes from “3+” set. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 

 

 

 

 

 

 



228 

 

 

Supplementary Figure 4.12. High resolution clonality plot for shark Blue, D654. 

 

Clonality plot for VNAR repertoire. The inner layer (“set”) includes the frequency of singleton (“1”, met 

once), doubleton (“2”, met twice) and high order (“3+”, met three or more times) clonotypes. The middle 

layer (“quantile”) displays the abundance of top 20% (“Q1”), next 20% (“Q2”), … (up to “Q5”) clonotypes 

for clonotypes from “3+” set. The outer layer (“top”) displays the individual abundances of the top five 

clonotypes. 
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