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Abstract 

 

Title: Characterization of Plasma Cell Lineages in the Nurse Shark 

Caitlin. D. Castro, Doctor of Philosophy, 2013 

Dissertation Directed By: Martin F. Flajnik, PhD, Professor, Molecular Microbiology 

and Immunology  

 

IgM was the first immunoglobulin (Ig) isotype to arise in evolution. Cartilaginous fish, 

including sharks, skates, and rays, are the oldest animals with an Ig-based adaptive 

immune system. Sharks express a germline-joined isotype, IgM1gj, as well as two forms 

of IgM, the typical pentameric (19S) form, which is attached to J chain, and a monomeric 

(7S) form devoid of J chain. Preliminary evidence suggests that 19S IgM consists of low 

affinity antibodies, whereas the 7S monomers can represent high affinity antibodies that 

function similar to mammalian IgG. Germline-joined IgM1gj, and some 19S IgM are 

secreted early in ontogeny, while adult sharks produce 19S and 7S IgM. The 

developmental relationship among the B-cells that produce these different isotypes is 

unknown. In one model, 19S producers “switch” to secrete 7S IgM by silencing J chain 

expression after activation by antigen and T cells. In another model, there may be two or 

more completely separate lineages that give rise to early 19S, late 19S and 7S IgM-

secreting B-cells. In order to study the developmental relationship between 19S and 7S 

IgM-producing B cells in the nurse shark, we examined differences in transcription factor 

expression, Ig gene usage, heavy/light chain pairings, and sequence signatures from 

neonatal and adult IgM. In these studies we found a population of Blimp1- 19S-secreting 



 
 

cells in neonatal and adult nurse sharks, and unique pairing of a particular IgM H with a 

"’ L chain in neonatal sharks. In addition to 19S IgM, neonatal nurse sharks express the 

germline-joined isotype, IgM1gj. Therefore, we also examined L chain pairings in IgM1gj-

secreting cells. Our findings suggest that a # IgL pairs with IgM1gj, and that IgM1gj binds 

to self-molecules in neonatal gill and other tissue. Lastly, we attempted to devise a 

protocol for the separation of 19S from 7S-secreting cells in order to examine the IgM 

repertoire in these populations. These studies provide greater insight into the function of 

early/innate antibodies in sharks, and we predict that they will also be relevant to 

mammalian models of early antibody secretion.  
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Chapter 1: Introduction and Specific Aims 

 

Adaptive Immunity and Antigen Receptors 

 The vertebrate immune system consists of two main branches: innate and adaptive 

immunity. The innate immune system generally recognizes conserved signatures from 

foreign pathogens, or self-encoded “danger signals,” through germline-encoded 

receptors. Innate cells and receptors respond rapidly through these pattern-recognition 

receptors, but are not capable of forming long-lasting memory to foreign antigens. 

Adaptive immunity, in contrast, is slower to respond initially but capable of forming 

immunological memory. Traditional adaptive immune cells include T cells, which are 

responsible for cellular immunity, and B cells, which provide humoral immunity through 

antibody secretion.  

 The ability of the adaptive immune system to respond to diverse stimuli is a 

consequence of the variability of the antigen receptors, T cell receptors (TCRs) and B cell 

receptors (BCR, or antibodies or immunoglobulins (Ig)). TCRs are made up of two 

covalently linked heterodimers, either ! and $ chains or % and & chains. Each chain 

contains two immunoglobulin (Ig) superfamily domains and a transmembrane region. 

The membrane-distal Ig domain is a variable (V) domain, while the membrane proximal 

region constant (C); note, the basic structure of the Ig domain, primarily the number of 

beta strands, discriminates V and C domains. Classical !" TCR recognize protein 

antigens that have been processed and presented by MHC class I and class II molecules. 

BCRs contain two heavy (H) chains and two light (L) chains. Each H chain contains one 

V region and 3-6 C domains per molecule, or more in some cold-blooded vertebrates, 



 
 

2 

while the L chains are comprised of an N-terminal V and a C-terminal C domain.  BCRs 

are found in either transmembrane (TM) or secreted forms (antibody) and recognize free, 

unprocessed antigens.   

The V domains are encoded by multiple segments, which are joined to form a 

functional V gene after rearrangement mediated by the recombination activating genes 

(RAG1 and RAG2). TCR$, & and IgH genes contain three segments: variable (V), 

diversity (D), and joining (J), where IgL chains and TCR! and % only have V and J 

segments. V(D)J recombination forms the section of the rearranged gene encoding the 

most variable complementarity determining region, CDR3; both Ig gene segment usage 

and addition of N-region nucleotides by terminal deoxynucleotidyl transferase (TdT) 

contribute to CDR3 junctional diversity. CDR3 is most responsible for peptide 

recognition by TCR, and H chain CDR3 often establishes the focus of antigen binding by 

antibodies.  

 

Mammalian B cell subsets 

Mammalian B cells can be subdivided into three main lineages: B2 (often referred 

to as follicular B cells), B1, and Marginal Zone (MZ) B cells, based on developmental 

appearance, localization, cell surface markers, BCR repertoires, and response to antigen 

(summarized in table 1-1).  

B2 cells develop mostly from adult hematopoietic tissues [1] and are found throughout 

the periphery. These cells may undergo conventional clonal expansion and mutation 

during the germinal center (GC) response before differentiating in to either  

  



 
 

3 

 
 
 
 
 
 
 
 
 
 

 B1 cells B2 cell MZ B cell 

When produced 
Fetus (B1a), fetus 

and after birth 
(B1b) 

After birth After birth 

Presence of N-regions Few Extensive Yes 

V-region repertoire Restricted Diverse Partially restricted 

Primary location 
Peritoneal and 
pleural cavities 

Secondary 
lymphoid organs 

Spleen 

Isotypes secreted IgM, IgA >> IgG IgG > IgM IgM > IgG 

Requirement for T cell 
help 

No Yes Sometimes 

Somatic hypermutation Low High Sometimes 

 

 
 
Table 1-1: Properties of mammalian B cell subsets 
Table summarizing properties of mammalian B1, B2 and MZ B cells. Figure adapted from [2]. 
 
  



 
 

4 

class-switched memory B cells or long-lived plasma cells (discussed below). B2 cells that 

form GCs interact with follicular helper T cells (Tfh) and follicular dendritic cells (FDC), 

and express activation-induced cytidine deaminase (AID), which induces somatic 

hypermutation (SHM) and class-switch recombination (CSR). SHM and the associated 

affinity maturation together with CSR in the GC results in class-switched cells expressing 

diverse, high-affinity, non-IgM isotypes (IgG/A/E), which, when secreted, possesses 

unique effector functions [3, 4]. GCs have not been described in any ectothermic 

organism, but in mammals and other warm-blooded animals, they are a major site of B 

cell clonal expansion and are composed of two main compartments, the “dark” and 

“light” zones [5, 6]. B cells proliferate in the dark zone, whereas the light zone contains 

the T cells and antigen-associated FDCs. GC B cells express high levels of Bcl-6, which 

is important for increasing cell’s tolerance for DNA damage, suppressing anti-apoptotic 

factors and downregulating BCR and CD40 signaling (reviewed in [6]). Additionally, 

Bcl-6 functions to repress Blimp1 and prevent premature differentiation of GC B cells 

into plasma cells [7]. 

MZ B cells develop from the same precursor as B2 cells [8, 9], however Notch2 

signaling, in addition to other signals, leads to development of MZ rather than B2 cells 

[10], and expression of cannabinoid receptor 2 (CNR2) in MZ cells induces their 

localization to the splenic marginal zone [11]. The strength of BCR signal to self-antigens 

guides the development of MZ vs. B2 cell development, but cellular signaling through 

other receptors such as CD19, BAFFR, etc. also influences differentiation into the two B 

cell compartments [12]. MZ cells secrete high affinity antibody (especially IgM) more 
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quickly than B2 cells, but are also capable of forming GCs in the absence of competition 

with B2 cells [13]. 

B1 cells, in contrast, differentiate early in development, from a general, Lin-

CD45Rlo-neg CD19+ B1 cell precursor in the yolk sac and fetal liver [14, 15]. B1 cells also 

have different cytokine requirements during development than B2 cells. Specifically, B1 

cells can develop without IL-7 [14, 16] and respond to thymic stromal lymphopoietin 

(TSLP), where B2 cells do not [14, 17]. Mature B1 cells are found in distinct locations, 

such as the peritoneal cavity and lamina propria of the intestine, and can be distinguished 

from B2 cells based on the expression of a unique BCR repertoire [18]. Mouse B1 cells 

can also be distinguished from B2 cells by surface markers (figure 1-1) [18-20]. B1 cells 

are IgMhigh/B220low/IgDlow with intermediate MAC1 expression, in comparison to B2 

cells (IgMlow/B220high/IgDhigh.) 

Two subsets of B1 cells have been characterized in mice, based on CD5 

expression. CD5+ B1a cells originate early in life from fetal liver and yolk sac, whereas 

the CD5- B1b cell subset can also develop in adult life. The previously mentioned Lin- 

CD45Rlo-neg CD19+ B1 cell precursor can produce either CD5+ or CD5- B1 cells [14, 15]. 

CD5 expression, however, is not a defining marker of human B1 cells; the phenotype of 

human B1 cells has only recently been characterized as CD20+CD27+CD43+ [21], 

identified based on their ability to spontaneously secrete antibodies with traditional B1 

specificities and skewed VH repertoires, similar to mouse B1 cells [21]. However, 

controversies still flourish in the field of human B1 cells, in part due to difficulties in 

isolating these scarce cells and the lack of uniformity of analysis between different 

laboratories [22].    
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Figure 1-1: Surface markers differentiating mammalian B cell subsets 
The above table summarizes known surface markers for differentiation of B1a, B1b, MZ and B2 cells in 
mice. Symbols indicate high (+++), intermediate (++), low (+) or negative (-) expression. B1a and B1b 
cells differ mostly in their expression of CD5, which is not indicative of B1 cell lineage in humans. MZ and 
B2 cells are more similar in surface expression, however B2 cells express higher levels of IgD and CD2. 
Figure reproduced with permission from [12]. 
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Additional controversies exist about mouse B1 cells. As mentioned, B1a cells are 

usually defined as self-renewing cells that arise early in development. However, there 

may be plasticity between B1a and B1b subsets, and it was found that B1a-like cells 

could also develop in adulthood [23, 24]. Lastly, although the B1 cell BCR repertoire is 

typically reported to be of low diversity (unmutated, few N-nucleotides), this too is 

controversial, as B1 cells have been shown to be highly mutated in some cases [25, 26]. 

 

Plasma Cells 

After activation B cells further differentiate into Ig-secreting plasma cells. 

Differentiation into plasma cells coincides with a decrease in surface B220, class II, and 

BCR expression, with a concomitant increase in expression of Syndecan (CD138). In 

mammals, plasma cells can be derived from any of the previously mentioned B cell 

lineages:  B2, B1, or MZ B cells. These cells are typically considered “terminally 

differentiated” cells, meaning they no longer undergo cell division [27], and can survive 

long-term without replication or reactivation. Some bone marrow plasma cells, however, 

may be able to be reactivated in response to inflammatory signals, leading to exit from 

the bone marrow and recirculation through the periphery, and long lived cells are released 

after competition with newly formed plasmablasts [28].  

Plasma cells can be either long- or short-lived. As discussed further below, “true” 

plasma cells express several specific transcription factors associated with terminal 

differentiation [29, 30] including Blimp1, which is found at the highest levels in long-

lived plasma cells [31, 32]. B2 cell-derived long-lived plasma cells usually reside in the 

bone marrow, where they function to secrete high-affinity, mutated, class-switched, 
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antibodies [33-35]. Long-term survival in the bone marrow is mediated by IL-6 and 

APRIL/BLyS signaling through BCMA [36]. These survival factors and chemokines 

such as CXCL12 have been shown to be secreted, in different studies, by either stromal 

cells, megakaryocytes, eosinophils or basophils [37-41]. 

Two models exist for the origins of these long-lived bone marrow plasma cells. In 

the traditional model only the highly mutated, B2-derrived cells that have undergone 

selection in the GC will become long-lived plasma cells. However, a more recent 

alternative model suggests that some long-lived bone marrow plasma cells may have 

originated from extrafollicular plasma cells that did not enter the GC and/or were derived 

from T-independent B cell responses (discussed below) [42].  

Generally, however, T-independent B1 or B2 responses are thought to develop 

into short-lived, IgM-secreting plasma cells. In mice, approximately half of all secreted 

IgM is B2-derived “immune” secretory IgM that is secreted by short-lived plasma cells, 

while the rest is “natural” IgM produced by B1 cells [43-45]. B1 cells are also associated 

with the production of polyreactive “natural” IgA antibodies. These cells can secrete 

natural antibodies immediately after stimulation, without prior antigen encounter or T cell 

help (T-independent responses) [46, 47] and natural antibody is present in both normal 

mice and animals raised in germfree conditions [44, 46-51]. Short-lived plasma cells can 

be also derived from MZ cells, which respond more rapidly than B2 cells to foreign 

antigens. Although MZ B cells are thought conventionally to secrete IgM or IgG3 from 

extrafollicular sites via T-independent mechanisms [52]; in the absence of B2 cell 

competition MZ cells are also capable of undergoing T cell-dependent GC reactions [13]. 
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Natural IgM antibodies  

Early, natural antibodies secreted from B1 cells are typically described as having 

restricted V usage, few N-region additions, and low levels of SHM. These early 

antibodies are also thought to be protective, for example in mouse models of SLE (see 

below) [53]. Polyreactivity of natural Igs, however, is not only a result of V region 

binding, but also of binding of antigens to carbohydrates on the Ig constant regions and 

secretory components [54, 55].  

Natural sIgM is thought to function, in part, through recognition of apoptosis-

associated determinants and recruitment of complement component C1q, resulting in 

enhancement of apoptotic cell phagocytosis [56, 57]. The importance of this sIgM-

directed immune clearance becomes clear in models of sIgM deficiency. Natural IgM has 

been shown to protect against Streptococcus pneumoniae infection [58] and lack of sIgM 

has also been linked to several autoimmune conditions including systemic lupus 

erythematosis (SLE), presumably due to impaired clearance of apoptotic cells and other 

self-ligands [59]. The presence of natural IgM from B1 cells has also been shown to be 

protective in mouse models of atherosclerosis, where it is thought to bind to 

phosphocholine in oxidized LDL and block uptake of LDL by macrophages [60]. In 

addition to apoptotic autoantigen clearance by sIgM, another model proposes that sIgM 

indirectly can affect the number and survival of other B cells by altering the antigenic 

environment [61]. 
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Joining Chain (J chain) 

Joining chain, or J chain, is a small polypeptide that regulates the mulitimerization 

of IgM and IgA (figure 1-2). Mouse IgM is secreted as a pentamer in the presence of J 

chain, but forms disordered oligomers rather than monomers in J chain-deficient cells 

[62-66]. IgA, however, although usually produced in a J chain-associated dimeric form, 

can also be secreted as a monomer in the absence of J chain [67]. The dimeric, J chain-

associated, form is prevalent in the mucosae, whereas monomeric IgA is more common 

in serum [68, 69]. Some but not all plasma cells that express other isotypes, such as IgG, 

also express J chain, although it does not associate with these isotypes or function in 

multimerization in these cells due to differences in the secretory tail of IgG/E/D 

subclasses. Thus, J chain expression is thought to be a restricted feature of stage-specific 

plasma cells and has not been well studied [64]. Early work on J chain suggested it was a 

feature of early differentiation, in which J chain was repressed only after prolonged 

clonal proliferation [70, 71]. This was supported by other studies suggesting that J chain 

expression is an early event in B cell differentiation [72, 73] and could be a marker of 

young memory clones [74-76]. It was originally thought that any recently differentiated 

plasma cell would express J chain regardless of the Ig isotype expressed [77], but it was 

later found that certain types of IgG-secreting B-cells were more likely than others to 

express J chain. Specifically, in IgA deficient people, IgG1 and IgG2 secreting cells 

contained have higher levels of J chain expression than other IgG subtypes [78]. 

Despite the documented presence of J chain-negative plasma cells in mammals, 

including J chain-negative, monomeric IgA-secreting cells [69], it is nevertheless widely 

assumed that all plasma cells express J chain. The J chain promoter shares similarity with  
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Figure 1-2: J chain association with IgA and IgM 
Models of J chain (in black) binding to mammalian IgA (1 and 2) or IgM (3 and 4) for multimerization (1 
and 3) or associated with the pIgR SC (2 and 4) One J chain molecule associates with each multimer. 
Figure reproduced with permission from [79].  
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the Ig# promoter [80], and it has shown to be activated by B-MEF2 [81] and repressed by 

Pax5, the master regulator of B cell differentiation [81] (discussed further below). 

Therefore, the current model holds that J chain transcript is expressed in all plasma cells 

when Pax5 expression is decreased, but in many cells where the protein does not 

associate with Ig, it is quickly degraded. However, this model neither accounts for the J 

chain- monomeric IgA secretors, nor clarifies why J chain protein is expressed in some 

but not all IgG-secreting cells.  

In addition to multimerization, J chain is required for Ig transport across the 

mucosal epithelium in tetrapods; secretory component (SC), a portion of the poly-Ig 

receptor (pIgR), remains associated with IgM and IgA after transcytosis across the 

mucosal epithelium [77] (figure 1-2). Mammalian J chain is acidic, and contains eight 

cysteine residues, six of which form intrachain disulfide bonds (C1-C6, C4-C5, and C7-

C8), while the remaining two form interchain disulfide bonds with cysteines in the Ig 

heavy-chain tail (C2 and C3) [82-84], and the C-terminal domain of tetrapod J chain is 

required for association with SC.  

 

IgA secretion in mammals 

Like mouse IgM, IgA can be produced by either B2 or B1 cells, and, as 

mentioned above, associates with J chain for multimerization [69]. IgA that localizes to 

mucosal secretions is crossreactive and specific for commensal bacteria [85, 86], and is 

thought to be produced by B1 cells [87]. B2-derived IgA, however, is found in the serum 

and has a different V gene repertoire than B1 derived antibodies [88, 89]. It has been 

suggested that expression of J chain is indicative of B1-derived IgA secreting cells. In 
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this model, J chain-negative, monomeric IgA secreting cells are derived from either the 

B1b or B2 cell lineages, while the J chain-positive, dimeric IgA secreting cells arise from 

cells of the B1 lineage [90] (figure 1-3). There are, however, conflicting views on the 

origins of these J-chain+ IgA-secreting cells. Recently it was reported that in mice 

expressing the lambda2 L chain, in which all cells are committed to the B1 lineage [91], 

the majority of IgA is not secreted by B1a cells, and instead these cells produce mostly 

IgM [92]. Both IgA and IgM function at mucosal sites, and IgM can compensate for IgA 

to some degree in the intestine (e.g. in binding to commensal organisms), explaining why 

there is not a robust phenotype in IgA-deficient animals. IgM, however, is less able to 

overcome loss of IgA in other mucosal sites such as the lung.  

Additional complications arise when comparing human and mouse IgA.  Unlike 

mice, humans have 2 IgA isotypes, IgA1 and IgA2, and the latter preferentially associates 

with J chain [93]. In humans, class switch from IgA1 to IgA2 has been documented to 

occur in peripheral tissues such as the colon, often in a T-independent fashion [94]. 

Similarly, murine B1 cells can undergo T-independent CSR to IgA and adoptively 

transferred B1a cells are capable of secreting IgA in asplenic mice [90]. Although in most 

cases CD40-CD40L interaction is required for CSR, and animals lacking CD40 have 

excessive amounts of IgM [95, 96], development of IgA plasma cells can occur via TACI 

and BAFF-R signaling without CD40-CD40L interactions [97]. This IgA CSR can be 

induced in the lamina propria by gut macrophage-produced BAFF and APRIL [94], and 

in the presence of TGF$ and retinoic acid (RA). Mucosal IgA-secreting plasma cells may 

be either long-lived or quickly replaced (reviewed in [98]). The longevity of these cells, 

even in the case of T-independent responses, nevertheless relies to some extent on the  
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Figure 1-3: Model of IgA secretion in the mouse 
The above diagram outlines a scheme, similar to what could be proposed for IgM secreting cells in the 
shark, where J chain+, dimeric IgA secreting cells are derived from the B1a lineage, while B2 cells (or B1b 
cells) are responsible for the secretion of antigen specific, monomeric, J chain- IgA.  Figure reproduced 
with permission from [99]. 
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presence of T cells, as it has been shown that T cells are important for the maintenance of 

IgA plasma cells, although not by signaling through CD40 [88, 100].  

 

Transcription factors in B cell development 

During development, numerous transcription factors coordinate the progression of 

lymphocytes from hematopoetic stem cells (HSCs) into fully differentiated T or B cells 

[101]. As cells differentiate, they lose their multipotency [102]. The traditional model of 

lymphocyte development suggested that downstream of HSCs, cells differentiate into 

multipotent progentors (MPPs) before splitting into either common lymphoid progenitors 

(CLPs) or common myeloid progenitors (CMPs) [103, 104]. However, recent models 

suggest that the split between T and B cells may occur earlier, and that myeloid cells and 

B cells may instead share a common progenitor [105]. 

Multipotent HSCs express several transcription factors including Ikaros and E2A. 

Expression of the transcription inhibitor Id2 and the cytokine receptor monocyte colony-

stimulating factor receptor (M-CSFR) are necessary for commitment to myeloid lineages. 

In contrast, development of T-cells is absolutely dependent on Notch signaling. In B 

cells, transcription factors Ebf1 [106], Lrf [107], Bcl11a [108], and Pax5 [109] are all 

important for lineage commitment [101, 110, 111]. While other transcription factors can 

play a role in multiple lineages, such as PU.1, which, when found at high levels leads to 

myeloid development but at lower levels can drive cells towards a B cell fate [112]. 

Ebf1, or early B cell factor, is important for B cell development and Ig gene 

expression prior to H chain rearrangement [113], and has been shown to activate Pax5 

expression in early B cell development [114], although Pax5 expression cannot rescue 
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Ebf1 deficiency [115]. Ebf1, like Pax5 (discussed below), is responsible for repression of 

non-B cell lineage fates including innate lymphoid cell (ILC) and T cell development 

[116]. Lrf, or leukemia/lymphoma related factor, however, also functions in B cell 

development by suppression of T cell development via Notch signaling repression [107], 

but is not necessary in fully committed B cells [117]. Bcl11a, or Evi9, is another 

important factor in B cell development, which but which is also expressed in multiple 

early cell types in addition to early B cells including CLPs, HSCs, and early T cell 

progenitors [118]. Bcl11a functions upstream of Ebf1 and Pax5 [108], and is likely 

important for V(D)J recombination, since it has recently been shown to activate RAG 

expression in early B cells [119].  

Despite the importance of Ebf1, Lrf and Bcl11a, Pax5 (also known as BSAP (B 

cell lineage-specific activator protein)) is considered the “master regulator” of B cell 

development [120]. Pax5 suppresses expression of non-B cell genes [29, 121-123], 

including those important for plasma cell identity, such as J chain. In general, the J chain 

promoter has been described as similar to the Ig# promoter, since both contain an 

octamer element, a penta-deca element, and an E-box motif 5' of the TATA box [80]. 

Three control elements have been described: JA, JB, and JC. JA is bound by B-MEF2, 

PU.1 binds to JB, and Pax5 binds element JC in a manner that blocks binding to JA [79, 

81, 124]. Pax5 thus represses J chain by forming a steric barrier to prevent binding of 

positive regulators B-MEF2 [81]. Therefore, as mentioned previously, in mammals, the J 

chain is thought to be upregulated in all Pax5- plasma cells, although it is actually only 

expressed in a subset of plasma cells. Despite the similarities between the Ig# and J chain 
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promoters, J chain is not expressed in the same cells or stages as Ig#, so other 

unidentified distal elements must also be important in J chain expression. 

 

Transcriptional control of plasma cells 

The transcription factor Blimp1 (B lymphocyte-induced maturation protein) is 

thought to be obligatory for the development and maintenance of committed plasma cells, 

including upregulation of immunoglobulin secretion [32, 123, 125-127]. Expression 

levels of Blimp1 increase throughout plasma cell differentiation, and it is found at higher 

levels in long-lived plasma cells compared to short-lived plasma cells [31, 32].  

Blimp1 is encoded by the gene prdm1, one of the two founding members of the 

multi-gene prdm family (along with prdm2/RIZ1) [128]. These two homologs are the 

only members present in invertebrates. The family was greatly expanded in vertebrates, 

and there is a primate-specific prdm member. All prdm family members contain similar 

domain structures including a PR domain and zinc (Zn)-finger domains. The N-terminal 

PR domain is 20-30% similar to a SET domain, and also like a SET domain of histone 

methyltransferases, can function as a methyltransferase in some members [128-131]. The 

multiple C-terminal Zn-finger domains aid in protein-protein interactions, and are present 

in all but one of the prdm genes [128].  

The working model of Blimp1 function in plasma cells involves a combination of 

cessation of the cell cycle and repression of Pax5. Downregulation of Pax5 by Blimp1 

results in de-repression of genes required for Ig secretion and the plasma cell phenotype, 

including XBP1, J chain, and the upregulation of IgH/L transcription [32, 123, 124, 126, 

127, 132-135]. In addition to repressing Pax5, Blimp1 has been implicated in the terminal 
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differentiation of plasma cells through repression of cMyc, leading to suppression of the 

cell cycle [29, 122]. In this way Blimp1 extinguishes the B cell program, including the 

ability to undergo rapid cell growth and expansion after antigen encounter. 

In support of the model that Blimp1 is obligatory for plasma cell function, mice 

lacking Blimp1 in the B cell lineage have low (but detectable) levels of serum Ig [125, 

126]. The canonical view is that Blimp1-negative cells have increased levels of Pax5 and 

decreased Ig secretion, and that for B1 as well as B2 cells, Blimp1 is required for the 

plasma cell program [136-138]. However, the role of Blimp1 in antibody secretion from 

B1 cells is controversial, as there are still detectable levels of secreted IgM in Blimp1 

knockout mice [125, 126]. Recently there has been some controversy about the role of 

Blimp1 in antibody secretion from B1 cells. Some groups have claimed that B1 cells 

lacking Blimp1 have increased levels of Pax5 and decreased Ig secretion, suggesting that, 

like in B2 cells, Blimp1 is necessary for the plasma cell program in these cells [136]. 

Others have shown that there is no augmentation of Blimp1 expression in antibody-

secreting B1 cells, and that, even in the absence of Blimp1, Pax5 expression is 

downregulated [139] (figure 1-4). It has also been shown that Pax5 is also downregulated 

in early B2 plasmablasts, and that even in the absence of Blimp1, antibody secretion is 

initiated in these cells [137]. In addition to these mouse studies, it has recently been noted 

at only a portion of IgD+IgM- plasma cells in humans express Blimp1 [140]. 

Blimp1, while most frequently associated with plasma cells, also functions in the 

differentiation of many other cell types including primordial germ cells [141, 142], 

dendritic cells [143], osteocytes [144, 145], myeloid cells [146], T cells [147-152] and 

NK cells [153]. For example, Blimp1 is expressed in CD8+ effector T cells, and involved  
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Figure 1-4: Models of transcriptional expression during plasma cell development 
The upper pathway represents the traditional view of plasma cell development, where Blimp1 and IRF4 are 
expressed early in the transition form activated B cells to plasma cells. The lower pathway represents a 
more current view, in which Pax5 expression in “preplasmablasts” is diminished and factors important for 
Ig secretion, such as XBP-1 and J chain are expressed before expression of Blimp1 and IRF4. Both of these 
models lead to a Blimp1hi, fully differentiated plasma cell. Figure reproduced with permission from [154]. 
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in survival and terminal differentiation [152]. Additionally, Blimp1 has recently been 

found to play a role in skin inflammation. When Blimp1 is absent in keratinyocytes, there 

is an increase in inflammation and proinflammatory cytokine secretion. This is believed 

to result from the absence of Blimp1 repression of AP1 family members Fos1 and Fos1L, 

which activate these proinflammatory signals [155].  

IRF4 is another key transcription factor in plasma cells, which is thought to 

function by blocking Bcl6 expression, which in turn represses Blimp1. Therefore IRF4 

can initiate the plasma cell program by releasing Bcl6 repression of Blimp1, allowing 

Blimp1 to repress Pax5 and induce expression of XBP-1 [156, 157]. However, like 

Blimp1, there is evidence that IRF4 is not required for IgM secretion in peritoneal B1 

cells (although it is required in splenic B1 cells) [158]. 

XBP-1 is critical for upregulation of the unfolded protein response (UPR), and 

functions downstream of Blimp1 for Ig secretion [159-161]. In secretory cells and during 

stress, XBP-1 is found in an active, spliced form (sXBP-1). Spliced XBP-1 (active) is 

generated through a unique cytoplasmic splicing mechanism, in which IRE1 removes a 

26 base pair region between two hairpins from the inactive XBP-1 (iXBP-1) [161]. This 

splice creates a frameshift in the transcript, placing the activation domain in-frame, and 

directing a nuclear exclusion signal to be out of frame. The sXBP-1 then enters the 

nucleus and induces the upregulation of its own gene and many other UPR genes 

(reviewed in [159]).  
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Evolution of the immune system 

All jawed vertebrates (gnathostomes) posses an adaptive immune system 

comprised of RAG-dependent rearranging Ig genes and contain BCR, TCR and MHC. 

Placoderms, an extinct group of jawed vertebrates, ancestral to modern cartilaginous fish, 

are thought to have been the first animals with this type of adaptive immunity. 

Cartilaginous fish, including the elasmobranchs sharks, skates, rays, and the holcephalin 

ratfish, are the oldest living animals with an Ig-based adaptive immune system. Despite 

diverging from mammals over 450 million years ago, cartilaginous fish, like all jawed 

vertebrates, have both transmembrane (TM) IgM and secretory forms of IgM H chains 

[162, 163], secreted as a multimeric IgM (either tetramer, pentamer, or hexamer) from 

plasma cells.  

Jawless fish including lampreys and hagfish also possess an adaptive immune 

system, including cells shown to function as “B cells” and “T cells”, as well as a 

candidate thymus equivalent [164, 165]. These cells, however, utilize a non-Ig-based 

system, composed instead of variable lymphocyte receptors (VLR) composed of leucine-

rich repeats rather than Ig-superfamily domains [166]. Invertebrates, in contrast, have no 

traditional adaptive immunity.  

 

Nurse shark Igs 

Cartilaginous fish, and specifically the nurse shark (Ginglymostoma cirratum), 

express several different Ig isotypes, including IgM, an H-chain isotype present in all 

jawed vertebrates [162]. In addition to the pentameric form of secreted IgM classically 

called ‘19S,’ shark B cells also secrete a monomeric form, denoted as ‘7S’ [167-171]. 
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Under physiological conditions, early transfer experiments with labeled 19S and 7S 

showed that these two forms of IgM do not interconvert extracellularly [172].  

In addition to IgM, there are three other Ig H chain isotypes expressed in nurse 

sharks (Ginglymostoma cirratum): IgM1gj, an H chain encoded by an invariant “germline-

joined” variable (V) gene and lacking the second constant domain (C2) found in 

conventional IgM [173]; IgW, related to mammalian IgD but having an unknown 

function in sharks [174-176]; and IgNAR (New Antigen Receptor), an H-chain-only 

isotype unique to cartilaginous fish [177].  

In newborn animals, much of the serum Ig is composed of the germline-joined 

isotype, IgM1gj, while the rest is made up of 19S IgM [173]. Small amounts of 7S IgM 

begins to appear around 8 days after birth, and 7S levels continue to increase throughout 

development [178]. In nurse shark serum, by adulthood there is very little IgM1gj, but 19S 

and 7S IgM are present in roughly equal proportions (figure 1-5). Like 7S, IgNAR is also 

found at low levels in neonatal animals. 

 

Nurse shark J chain 

As mentioned, sharks can secrete either J chain- 7S IgM or pentameric, J chain-

associated, 19S, IgM. Whether or not shark plasma cells secrete 7S or 19S IgM is 

therefore assumed to be dependent upon the expression of J chain [179]. Five of eight 

cysteines present in mammalian J chain are conserved in nurse shark J chain, along with a 

conserved N-linked glycosylation site. The C-terminus of the shark molecule, however, is 

very poorly conserved and two of its missing cysteines, C7 and C8, are predicted to play 

a role in binding to SC [179]. When combined with the absence of reported shark SC and  
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Figure 1-5: Summary of secreted IgM during nurse shark development 
Relative amounts of plasma IgM1gj, 19S IgM or 7S IgM throughout development are shown in blue. Isotype 
binding characteristics are described in white text. IgM1gj is found at high levels in neonatal sharks, but 
decreases over time, so that adult sera contains low levels of IgM1gj. 19S IgM also arises early in 
development, and remains high throughout the life of the animal, whereas 7S IgM does not appear at high 
levels until several months of age. The relative ages of animals shown at right, with a distinction noted at 3-
5 months, when 7S IgM begins to appear. 
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the lack of J chain expression in plasma cells in the shark intestinal lamina propria 

(unpublished), the major role of shark J chain is likely for IgM multimerization rather 

than Ig transport.  

As discussed previously, much like pentameric and monomeric shark IgM, there 

are two secreted forms of gut IgA. Therefore, we predict that the regulation of J chain in 

shark IgM producers, may more closely mirror mammalian IgA-secreting cells since both 

shark IgM and mammalian IgA can be secreted in either the presence or absence of J 

chain. Specifically, the model of IgA secretion and J chain expression in mammalian B1 

and B2 cells (figure 1-3) is similar to the one proposed scenario in nurse sharks where 

the J chain-negative, 7S-secreting cells behave in a more traditionally adaptive (B2-like) 

manner, while the J chain-positive, 19S IgM may be derived from a more “innate-like” 

Ig-secreting B1 type of cell.  

 

Nurse shark Ig locus and gene families 

There are approximately 15 functional IgM heavy chain (H chain) genes in the 

nurse shark genome, which can be subdivided into five groups (groups 1-5) [180]. 

Groups 2 and 4 both contain multiple family members and the actual number of group 4 

genes may vary between individuals, perhaps due to unequal crossing over between 

similar members of this group [181] (figure 1-6). There are two genes for IgNAR, the 

heavy chain only isotype, expressed in the adult nurse shark [177]. 

Ig H chain genes in all sharks are organized in a “cluster-type” genomic 

arrangement rather than the translocon organization of mammalian IgH loci [182]. In this 

cluster organization, one set of VH-DH-DH-JH segments are found upstream of each set of  
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Figure 1-6: Nurse shark IgM genes 
Diagram showing the functional IgM genes found in the nurse shark. Genes with domains shaded in the 
same color belong to the same IgM group. Group 2 (teal) contains two genes G2A and G2B, while group 4 
(pink) contains 5 genes (G4A, B, C, G, and D). (Figure credit Ellen Hsu, based on [181]) 
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H chain constant domains (figure 1-7). Despite the potential for multiple successful 

rearrangements and the concurrent expression of several H chain genes possible with this 

type of genome organization, recent studies suggest that they are allelically and 

isotypically excluded, so that in most cells only one functional H chain is expressed [182, 

183]. Each VDDJ rearrangement occurs within only one gene and it was thought that 

sharks did not undergo traditional CSR. Recent work however, has suggested that some 

CSR may occur, especially between group 2A and group 2B IgM genes but also between 

IgM and IgW in the epigonal tissue (the shark equivalent of mammalian bone marrow) 

[184].  

In addition to these rearranging IgM clusters, as mentioned, nurse sharks also 

express IgM1gj, a germline-joined (GJ) H chain gene [173]. The IgM1gj H chain is 

encoded by a pre-rearranged (germline-joined), invariant, V domain (VDDJ), which lacks 

the Cµ2 domain found in other IgM heavy-chain C regions. The loss of C2 causes IgM1gj 

to resemble mammalian IgG H chains, which via convergent evolution also lost the C2 

domain. Interestingly, IgM1gj is preferentially expressed early in development, and no 

TM region has been characterized for this H chain isotype thus far (despite many 

attempts to find it), suggesting that it may only exist as a secreted protein.  

Four light chain (L chain) isotypes are found in cartilaginous fish:  lambda ('), 

kappa (#), sigma (") and sigma prime ("’) [84, 185, 186]. Nurse shark L chain genes, like 

the H chain genes, are also arranged in a cluster-type organization where VL-JL segments 

are found upstream of each light-chain constant domain (figure 1-7) [182]. Unlike H 

chain genes, however, multiple L chain genes can be concurrently expressed, based on 

unpublished results (Hsu et al and our unpublished data), although not at the same levels.   
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Figure 1-7: Genomic organization of Ig loci in vertebrates 
Diagram compares the typical translocon organization of Ig genes found in mammals and chicken, with the 
cluster-type genome organization of immunoglobulin H and L genes in cartilaginous fish. Figure 
reproduced with permission from [162]. 
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Nurse shark B cells are capable of expressing more than one L chain, and " L 

chain transcripts are found at low levels in plasma cells that are also expressing high 

amounts of # L chain. IgL " may also be concurrently expressed in ' and "’ positive 

plasma cells, but since these isotypes are found at low levels in adult animals, it is 

difficult to be definitive at this point (unpublished data). Despite the lack of L chain 

exclusion at the transcriptional level, only one gene seems to be expressed as the receptor 

in each cell.  

Similar to IgM1gj, some L chain genes in cartilaginous fish can also be in a 

germline-joined configuration [186, 187]. Nurse sharks have four "’ light-chain gene 

clusters, one of which is V-germline-joined. Several # L chains out of about 40 total # 

genes are also germline-joined [185, 187], while all of the " genes are of the rearranging 

type, and ' L chains are V-germline-joined in all cartilaginous fish [188]. For H and L 

chain isotypes that have mixtures of GJ and conventional rearranging genes, the 

germline-joined types are preferentially expressed early in development.  

 

Antigen-specific immune responses in the nurse shark 

19S IgM, while high in avidity due to its multiple binding sites, does not appear to 

mount a noticeable antigen-specific response; nor do 19S pentamers increase in affinity 

in response to antigen challenge. It was found that after immunization with dinitrophenyl 

(DNP) only 7S IgM showed an increase in antigen affinity [189] and that there is little 

increase in 19S IgM affinity after immunization with hen egg lysozyme (HEL) based on 

denaturation experiments using 7S monomers and dissociated pentamers from an 

immunized shark (figure 1-8) [190]. In contrast, 7S IgM monomers are of obvious lower 
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avidity, but undergo antigen-specific affinity maturation in response to immunization, 

leading to enhanced binding strength late in adaptive immune responses [189, 190]. 

Previous work using 7S IgM and dissociated pentamers before and after immunization 

showed that 7S, but not 19S IgM, is responsible for antigen-specific responses (figure 1-

7) [189, 190]. 7S IgM is thought to be a mammalian IgG equivalent, both because of this 

adaptive antigen response as well as its ability to penetrate extracellular spaces in tissues. 

In contrast, 19S IgM is found intravascularly. It should be noted that, like 7S IgM, 

IgNAR arises later in development and is also known to mount a specific, antigen-driven 

response to immunization [190]. 
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Figure 1-8: Affinity maturation of 19S and 7S IgM after immunization 
An ammonium thiocyanate denaturation assay to measure strength of binding to HEL was performed to 
examine affinity of 7S (left) or 19S (right) IgM before (black circles) and after (white circles) HEL 
immunization. 19S IgM was monomerized before denaturation to avoid complications from the high 
avidity of multimeric Ig. Figure reproduced with permission from [190]. 
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Specific Aims 

 

Early in development of the nurse shark, all conventional IgM is secreted in the 

pentameric form (19S), whereas in the adult, a considerable amount of monomeric (7S) 

IgM is found in addition to 19S. 19S IgM, although high in avidity, does not show a 

noticeable increase in titer after immunization. 7S IgM, however, does greatly increase 

both in titer and binding strength to antigen after challenge. It is therefore presumed that 

7S IgM, rather than 19S is responsible for memory responses in the shark. We envision 

two major possible mechanisms: 1) two separate B-cell lineages produce 19S and 7S 

IgM, respectively, with the 19S IgM functioning more as natural antibody, in T-

independent responses (“Distinct Lineages” model (figure 1-9)), or 2) a single lineage of 

B cells producing 19S IgM might repress J-chain expression and switch to become 7S 

secretors upon stimulation before undergoing affinity maturation (“Common lineage, 

succession” model (figure 1-10)).  

Mammals are known to secrete either natural or immune IgM from multiple B 

cell lineages, and in mice, approximately half of all secreted IgM is B2 cell-derived 

immune sIgM, while the other half is natural IgM that originates from cells of the B1 

lineage[44]. If plasma cell development in the nurse shark mirrors mammalian 

development then 19S and 7S secreting cells may also come from distinct lineages. One 

possible model of IgM secretion in nurse sharks is that 19S IgM is more like “natural” 

sIgM, in that it does not respond to antigen and therefore originate from a B1-like 

lineage, whereas 7S IgM could come from a more conventional B2-like B cell in the  
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Figure 1-9:  Multiple lineage model of nurse shark B cell development 
In this model, B cell precursors in neonatal or adult animals can develop into 19S IgM secreting cells, but 
neonatal sharks cannot form the 7S IgM lineage. Adult animals cells can either become 19S or 7S secreting 
cells, but these two type do not interconvert. In this model, the 19S IgM formed from neonatal and adult 
precursors may be distinct, similar to B1a and B1b cells in mice. J chain expression and potential mouse B 
cell counterparts are listed below.  
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Figure 1-10: Single lineage model of nurse shark B cell development 
In this model, all B cell precursors would lead to the same lineage of cell (here depicted as J chain+), and 
after some sort of signal, causing repression of J chain, cells would be able to convert to 7S secretors. Both 
forms of cells in this model would be more similar to mouse B2 cells, and the switch to IgM would be a 
functional “class switch” to a monomeric Ig-secreting cell. IgM1gj (not depicted) would still arise from a 
different B cell lineage, since it expresses a unique receptor 
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shark. In addition there is a possibility that, much like mouse secretory B1a and B1b 

cells, the shark 19S IgM expressed early in ontogeny is different from adult 19S.   

In this project we examined nurse shark plasma cells throughout development to 

test the hypothesis that there might be multiple B cell lineages giving rise to secreting 

cells in sharks. Since there is still little known about B1 cells that secrete natural antibody 

in non-murine systems, we also wanted to gain insight into general, evolutionarily 

conserved roles of B1 cells by studying these potential B1-like cells in the nurse shark.    

For Aim 1 we hypothesized that, since J chain is differentially expressed in 19S 

and 7S producers, the transcriptional profile of 19S and 7S IgM secreting cells would 

likely also be distinct, and that different transcriptional profiles could be indicative of 

multiple B cell lineages. We therefore evaluated the expression of several known 

mammalian B cell and plasma cell transcription factors including Blimp1, Pax5 and 

XBP-1 that could be differentially expressed in 19S and 7S IgM secreting cells. Although 

different transcriptional states could be suggestive of distinctive differentiation states 

rather than true lineages, studying the expression of these evolutionarily conserved 

transcription factors could give insight into their roles in mammalian systems as well.  

Aim 2 of the project was to better characterize the localization and function of 

IgM1gj-secreting plasma cell populations in the nurse shark throughout ontogeny. We 

hypothesized that IgM1gj protein may have some self-reactivity and that if it were 

physiologically important, it would likely be found bound to specific tissues in vivo. To 

address the potential function of early Igs, specifically IgM1gj, we initiated studies 

looking for evidence of binding to self-antigens either directly in shark tissue or by using 

in vitro assays. In addition to in situ hybridization and immunohistochemical (IHC) 
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analyses, we also purified shark Igs from neonatal serum for use in protein sequencing to 

determine which specific L chain gene pairs with this early isotype.  

Similarly, in Aim 3 we hypothesized that, like in mammals, early shark antibodies 

will be unique from adult secreting cells. If these antibody-secreting cells found in young 

animals are, in fact, different from those produced in adult animals we wanted to analyze 

the potential distinctions including changes in the localization of cells expressing the 

different Ig isotypes in shark immune tissues at multiple developmental time-points. By 

examining H and L chain expression by in situ hybridization at several developmental 

points, and in multiple immune tissues, we attempted to define the timing and appearance 

of both early and late 19S secreting cells in the nurse shark. CDR3 lengths and signatures 

were compared in 19S cells from adult spleen and epigonal tissue to look for continued 

expression of neonatal 19S IgM in adult tissues. In addition to these in situ hybridization 

studies, we also purified shark Igs from neonatal and adult serum for use in protein 

sequencing to determine which specific L chain gene pairs with early 19S IgM.  

Aim 4 was to investigate the relationship between 19S- and 7S-secreting plasma 

cells based on IgM V region signatures. We proposed to look at the antibody repertoire 

including CDR3 signatures and mutational patterns in single 19S or 7S IgM secreting 

cells to examine whether they develop from different B cell lineages.   

While, unfortunately, we were not able to complete these studies in their entirety, 

we have taken steps to identify and isolate 19S- from 7S-secreting cells using shark Ig-

specific mAbs. These technical results are discussed in chapter 6. Despite our inability to 

separate 19S and 7S secretors for analysis, these studies focusing on transcription factor 

expression, Ig gene usage, and physiological binding of secreted IgM and IgM1gj 
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throughout development have shed light on the potential regulation and function of these 

early antibodies. 
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Chapter 2: Materials and Methods 
 

Animals, tissue collection and cell preparations 

Nurse sharks (Ginglymostoma cirratum) were captured off the coast of the Florida 

Keys and maintained in artificial seawater at approximately 28°C in large indoor tanks at 

the Institute of Marine and Environmental Technology, in Baltimore, MD [173]. As per 

animal protocol (IACUC 1012003) animals were euthanized and exsanguinated after an 

overdose of MS222 [191]. Spleen and epigonal tissues were harvested and either fixed in 

4% paraformaldehyde in sucrose phosphate buffer (SBP) or frozen immediately in OCT 

([192] and see below). Tissue was then washed in sucrose gradient solutions over 24 

hours before mounting in optimal cutting temperature (OCT) embedding medium and 

freezing in a methyl butane bath cooled with liquid nitrogen. Once frozen, tissue was cut 

into either 6 or 8 (m sections using a Leica Cryostat and mounted on slides (Fisher 

Superfrost #12-550-15). Cut tissue was kept at -80°C until ready to use for in situ 

hybridization. Frozen, fixed tissue used came from 6 sharks of various ages. Shark TH 

and H were approximately 1 week old. Shark LA was 1-3 months old, and LJ, EL, and W 

were all adults over 1 year of age.  

For immunoprecipitation and ELISPOT studies, shark cells were collected from 

dissociated spleen or epigonal tissue or from blood and washed in “shark PBS plus” (PBS 

supplemented with 0.35 M urea, 0.14 M extra NaCl, 10% FCS and DNase). Plasma cells 

were enriched by fractionating over a 1.054 density percoll gradient, and washed again in 

shark PBS plus before either radiolabeling or resuspended in RPMI with 10% FCS, 

0.35M urea, and 0.14 M extra NaCl, for overnight culture at 27°C. Cells came from 3 
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sharks of various ages: shark R is 6 months in age, EN was approximately 1 year-old, and 

B is an adult shark of at least 9 years.  

 

RNA isolation 

 RNA was isolated as described [173]. Briefly, tissues were homogenized in 1 ml 

of TRIzol per 80 mg of tissue or per 5-10x106 cells, with a minimum of 5 ml of TRIzol 

per tube used with polytron homogenizer. Homogenized samples were incubated for 5 

minutes at room temperature and then either frozen at -80°C or further processed directly. 

0.2 ml chloroform per 1 ml of TRIzol reagent was added and samples were shaken 

vigorously for 15 seconds and incubated at room temperature for 2-3 minutes. Samples 

were centrifuged for 50 minutes at 4000 RPM at 4°C. Following centrifugation, the 

aqueous phase was transferred to a fresh tube. RNA was precipitated by adding 0.5 ml 

isopropanol per 1 ml of TRIzol reagent used for the initial homogenization. Samples were 

incubated at room temperature for at least 10 minutes then centrifuged for 30 minutes at 

4000 RPM, 4°C. Supernatant was then removed and RNA pellet washed 1x with at least 

1 ml 75% ethanol in DEPC-treated water followed by an additional 5 minute 

centrifugation. The RNA pellet was air-dried and resuspended in DEPC-treated water and 

incubated for 10 minutes at 55-60°C and stored at -80°C.  

 

Probe labeling for in situ hybridization 

Probe plasmid (in PRCII vector) was linearized overnight (1~2 µg plasmid in 100 

µl reaction volume) with appropriate restriction enzymes. Phenol/chloroform extraction 

was performed on linearized vector using 100 µl phenol/chloroform/isoamylalcohol, 
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vortexed then centrifuged for 5 minutes. The aqueous layer was removed and added to 

100 µl chloroform, then vortexed and centrifuged again for 5 minutes. The aqueous layer 

was again collected and DNA precipitated (10 µl 3 M NaOAc, pH 5.2, and 250 µl 100% 

ethanol) for 30 minutes at -80 C or -20 C overnight. Precipitated plasmid was then 

centrifuged at 14,000 rpm, for 15 min at 4 C and washed with 250 µl 70% ethanol before 

air drying and resuspending in 15 µl DEPC treated water. Transcription reaction was 

performed using: 15 µl linearized plasmid, 5 µl 5x Transcription Buffer, 2.5 µl 10x Dig 

RNA label Mix (Roche #11277073910) (or 10x FLU RNA label Mix (Roche 

#11685619910), 1.5 µl RNAsin (Promega #N2111) and 1 µl RNA polymerase (Promega 

#P1085 (SP6), #P2075 (T7) or #P2083 (T3)) for a total volume of 25 µl. This reaction 

was incubated at 37°C for 1 hour. An additional 1 µl RNA polymerase was spiked into 

the reaction after one hour and left to incubate for another hour at 37°C. 2 µl 0.5 M 

EDTA, pH8.0 and 23 µl DEPC dH2O were added to stop the reaction. The probe was 

purified on a Centrisep Column (Princeton Separations #CS-901) as follows: column was 

hydrated with 800 µl DEPC dH2O and incubated for at least 30 minutes followed by 

centrifugation for 2 minutes at 750x g. 50µl of reaction mix was placed onto prehydrated 

columns and centrifuged for 3 minutes at 750x g. Probe was precipitated with 1/10 

volume 3 M NaOAc, pH 5.2 and 2 volumes 100% ethanol for 30 minutes at -80°C or 

overnight at -20°C. Precipitated probes were rinsed with 2 volumes 70% cold ethanol (-

20°C) and air-dried before resuspension in 50 µl DEPC dH2O. Heating the probe at 50°C 

for 10 minutes ensured resuspension. An agarose gel (1-1.2%) was run to check probe 

size with 1 µl of each probe, and a second aliquot of 1 µl was used to read OD260 and 

calculate the concentration. Probes were stored in aliquots at -80°C.    
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In situ hybridization 

Digoxigenin (DIG) - or Fluorescein (FLU)-labeled Riboprobes were made with 

the following primers: Blimp1, IgL#, IgL"’, IgM C2, IgM C3-C4, IgM1gj, IgNAR, IgW, J 

chain, or Pax5 (Table 2-1). For regular in situ hybridization, DIG-labeled probes were 

detected with anti-DIG-alkaline phosphatase (AP) and nitro-blue tetrazolium and 5-

bromo-4-chloro-3'-indolyphosphate (NBT/BCIP) substrate [192, 193]. Experiments 

including transcription factors were developed using Tyramide Signal Amplification 

(TSA) Plus Biotin or DNP System (Perkin Elmer) with either Streptavidin-AP or anti-

DNP-AP and NBT/BCIP substrate. For in situ hybridization staining of consecutive 6 (m 

sections, probes were detected with TSA Plus Biotin System (Perkin Elmer) with 

Streptavidin-AP and NBT/BCIP substrate. The slides were photographed and the images 

field-stitched together using Zeiss’s AxioVision software, version 4.8.2.0. For double 

stains, DIG- and FLU-labeled probes were hybridized together, and the fluorescent signal 

(DIG-labeled probe) was detected first using anti-Digoxigenin rabbit oligoclonal primary 

antibody (Invitrogen) and AlexaFluor 488 goat anti-rabbit secondary antibody 

(Invitrogen). The slides were photographed before completing chromogenic detection of 

the FLU-labeled probe using PerkinElmer’s TSA Plus Biotin System with Streptavidin-

AP and NBT/BCIP substrate. Slides were then re-photographed and images aligned using 

the AxioVision (Zeiss) software. 
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Probe Forward primer (5’!  3’) Reverse primer (5’!  3’) Probe 
size 

Blimp1 (full) GTGGATGAAAATGGACATGACC AGGTCAGAGACACGTTGCATCTC 2.4 kb 

IgL# ATCACCATGACCCAGTCTCC TTTGGTTCCTTTACCGAACG 318 bp 

IgL"’ GCTACCTCCTTCACCAGAGC CAGTGACTGACCCGTGACAT 326 bp 

IgM C2 CATGGGCAGCTGATCACG TTTAGCTGTGTAACCATG 511 bp 

IgM C3-C4 CGACAGTGACATTAACCTGTG CTTCATGTCCACCACAGGAG 500 bp 

IgM1gj TTGTTGCTGACTTCCATATC TCTCTGGTTTGAACGACAAC 900 bp 

IgW C3-C4 CTGGTGTGTACAACAGTCTG GAAGACTGAACCTTTCCTCC 495 bp 

J chain GTCACTGAACTGCCTAATGGTG GTGTTCCTCTTGATGCTTGGA 297 bp 

Pax5 ATGGAAATCCACTGTAAGCACG TGTAGCGACCTTTGGTTTGGATCC 338 bp 

 
 
Table 2-1: Primer sequences for in situ probes 
Forward and reverse primer sequences listed for all probes used, with the exception of IgNAR. IgNAR 
probes (2.7 kb) were made directly from the NAR-7A clone (described in [194]). Probe size in base pairs 
(bp) or kilobases (kb) are listed in the right-hand column. 
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Analysis of secretory IgM sequences  

 A primer specific for the secretory tail of nurse shark IgM (IgM sec tail rev: 5’-

AATGGTGTCCATCAGTGC-3’) was used to make cDNA from 1 µg spleen or epigonal 

RNA from neonatal or adult nurse sharks (Invitrogen Superscript III first strand synthesis 

kit #18080-051). Secretory-tail specific cDNA was amplified using degenerate primers 

specific for the V-region (framework 1 through the start of C1 domain) of all IgM 

families (families described[183]) (IgM F1 Forward: 5’-

ACCTGTAAAAC(C/T)AG(C/T)GGGTTC(G/A)ATC-3’; IgM C1 Reverse: 

5’(G/A)CAGG(A/C)GGAGAC(T/C/G)A(A/G)(A/G)CCATAAAG-3’). A PCR protocol 

designed to reduce chimeric artifacts was used to amplify the V-domains [195], with one 

cycle at 94°C for 10 minutes, followed by 25x cycles of 94°C for 30 seconds, 58°C for 

60 seconds and 72°C for 60 seconds, and ending with three minutes at 72°C. Primers 

were used at 0.5 µM each, and 2 µl of cDNA reaction was used per reaction. Amplified 

PCR product was run on an agarose gel and bands were excised from the gel before 

ligating into PCRII vector (Invitrogen Dual Promoter TA Cloning Kit #45-0007LT) 

overnight at 14°C. Ligated V regions were transformed into Top10F’ cells and plated on 

ampicillin plates. Colonies were chosen and sequenced with an M13 reverse primer. 

 

Immunohistochemistry (IHC) 

 OCT frozen, unfixed, 8 µm tissue sections were cut and fixed in ice cold acetone 

for 10 seconds then kept at -80°C until ready to stain as described [192]. Frozen slides 

were incubated for 20 minutes in 0.3% hydrogen peroxide in methanol to quench 

endogenous peroxidase. Slides were then washed 3x for 10 minutes in cold mammalian 
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PBS with stirring. Tissue sections were blocked with 10% horse serum in PBS for 1 hour 

at room temperature in a humidified chamber before adding primary antibody. 

Monoclonal antibody (mAb) supernatants (LK14, TG4 or CB5/16) were diluted in PBS 

with 1% horse serum and incubated at 4°C overnight. The next day slides were washed 

3x for 10 minutes in cold mammalian PBS with stirring. Biotinylated horse anti-mouse 

IgGH+L was diluted 1:500 in PBS with 1% horse serum and slides were incubated for 2 

hours at room temperature. 3x 10-minute PBS washes were repeated before incubating 

with streptavidin-FITC (1:200 in 1% horse serum) for 1 hour at room temperature. Slides 

were then washed once more, coverslipped (using Vector Vectashield mounting medium 

for fluorescence #H-1000) and immediately photographed using either a Zeiss Axioskop2 

plus microscope with AxioVision (Zeiss) software, version 4.8.2.0. or a Nikon Eclipse 

E800 with Spot Advanced software version 4.7.0.25. 

 

Protein G purification of mAbs  

 Monoclonal antibody specificities and production are as described [173, 177, 196, 

197]. Filtered mAb supernatants (200-300 ml straight) or ascites (1 ml diluted 1:5 in 0.1 

M borate buffer, pH 8.2) were run at 1 ml/minute over a protein G affinity column, 

followed by washing with 5x column volumes borate buffer. The mAbs were eluted in 1 

ml fractions with 4 ml 0.1M glycine HCl, pH 2.5 and neutralized immediately with ~45 

drops, 1 M sodium bicarbonate. Purified mAbs were either used for affinity column 

preparation, or labeled with biotin (Thermo #20217), FITC, or APC for use in FACS and 

ELISPOT analyses. 
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Affinity column preparation  

 Columns were prepared by coupling approximately 3 mg purified mAbs (see 

above) with 750 µl protein G sepharose (Amersham #17-0618-01) in 0.1 M borate buffer 

(pH 8.2). Beads and antibodies were incubated with rotation at room temperature for 30 

minutes then washed 3x with excess borate buffer. Beads were then washed 1x with 0.2 

M TEA (pH 8.2) and resuspended in excess 100 mM dimethyl pimelimidate 

dihydrochloride (DPD) freshly made in 0.2 M TEA (pH 8.2). Beads were then incubated 

with rotation at room temperature for 45 minutes. The reaction was stopped by 

centrifuging beads and resuspending them in 100 mM ethanolamine (pH 8.2), followed 

by incubation with rotation for 5 minutes at room temperature. Beads were washed 3x in 

borate buffer then packed into a column for serum purification (BioRad #737-1007). 

 

Purification of shark sera Igs and preparation for protein sequencing 

 For purification of neonatal and adult shark serum Igs 3 ml of sera was combined 

with 3 ml water and 660 µl 1 M borate buffer (pH 8.2) and filtered through 0.8 µm filter 

before running slowly (0.2 ml/minute) over an affinity column (see above). The column 

was washed in 25 ml 0.1 M borate buffer (pH 8.2) at 1 ml/minute. Proteins were eluted in 

1 ml fractions with 4 ml of 0.1 M glycine, pH 2.4 and neutralized with 100 µl 1 M Tris, 

pH 8, followed by 25 ml of 0.1 M borate buffer (pH 8.2). Eluted fractions were run non-

reduced, on 5% SDS-PAGE gels (25 µl/well) and stained overnight with Gel Code Blue 

(Pierce # 24590) to determine which fractions contained purified proteins. When 

appropriate either positive or negative (column flow-through) fractions were collected 

and run over a second affinity column (see results, chapter 3). Protein-containing 
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fractions were pooled and concentrated with Amicon Ultra centrifugal filters (Millipore 

#UFC900308 and #500308) to a final volume of 100-200 µl. Concentrated fractions were 

run non-reduced on 5% SDS-PAGE gels, which were stained overnight with Gel Code 

Blue followed by dehydration. Target protein bands on the dehydrated gels were excised 

and run reduced on 12% SDS-PAGE gels and stained with NOVEX Colloidal Blue 

Staining Kit (Invitrogen #LC6025) overnight. Gels were destained in water and bands to 

be sequenced were excised from (non-dehydrated) gels and kept at -20°C until ready to 

be sent for MASS SPEC sequencing.  

 

Silver-staining of SDS-PAGE gels 

 SDS-PAGE gels were fixed overnight in 200 ml 40% ethanol with 5% glacial 

acetic acid. The next day gels were washed in 0.83% periodic acid for exactly 5 minutes 

followed by 4x 30 minute washes in water. Silver staining solution 2 (0.8 g AgNO3 in 4 

ml water) was added dropwise to solution 1 (1 pellet NaOH in 25 ml water with 1.4 ml 

NH4OH), and the volume was brought up to 100 ml. Gels were incubated in this solution 

for 15 minutes then washed for 90 minutes in water, changing wash every 15 minutes. 

Gels were then incubated in developing solution (95 µl 37% formaldehyde with 1 ml 25 

mg/ml citric acid in 500 ml water) for 5-10 minutes and washed with water until the gels 

were dark enough to photograph.  

 

ELISPOTs 

96 well plates (Millipore MultiScreen HA plates #MAHAS4510) were coated 

with 100 µl/well mAbs (CB5, TG4 or LK14) at 10 µg/ml, and incubated overnight at 4°C 
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to coat. The following day the plates were washed 5x with 100 µl/well sterile PBS then 

blocked with 200 µl/well DMEM with 10% serum for 2-3 hours at 37°C. Plates were 

washed again 5x with 100 ul/well sterile PBS before plating cells in shark RPMI and 

incubating overnight at 27 C in humidified incubator with 5% CO2. The following day 

cells were washed away with 3x PBS washes followed by 3x PBST (PBS with 0.05% 

tween) of 200 µl/well, with 1-minute incubations between washes. 100 µl/well of 

biotinylated detection mAbs (LK14-biotin, GA16-biotin or TG4-biotin) were added at 5 

µg/ml in PBST with 1% FCS and plates were incubated for 2 hours at room temperature. 

3x PBS and 3x PBST washes were repeated and plates were incubated with 100 µl/well 

streptavidin-alkaline phosphatase (SA-AP) secondary at 1:2000 in PBST with 1% FCS 

for 1 hour at room temperature. Plates were washed again 5x with PBS and AP signal 

was detected with 100 µl/well NBT/BCIP diluted in 0.1 M Tris pH 9.5, 0.1 M NaCl 

buffer. Plates were washed in water to stop development reaction and left to dry before 

reading and analyzing spots using Cellular Technology Limited (CTL) Immunospot 

capture software v 6.3.5 and analysis software v 5.0 (CTL). Significance was determined 

using an independent two-tailed student’s t-test.  

 

Immunoprecipitations 

Nurse shark cells were incubated in RPMI minus MET for 30 min at 27°C 

followed by addition of 1 mCi S35 to cells and incubation at 27°C overnight. Supernatant 

was collected the following day. Supernatants were precleared with protein G Sepharose 

beads (Amersham #17-0618-01) (100 µl beads/500 µl supernatant) for 1 hour at room 

temperature, before incubating with mAbs (2 µl purified CB5, TG4 or GA10) overnight 
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at 4°C, while rotating [173]. The following day supernatants were incubated with 30 µl of 

protein G beads each for 1 hour at 4°C with rotation. Beads were washed 2x with NET-

NON and 1x with NET-N, before boiling in 30 µl Laemmli Sample Buffer (LSB) and 

loading (non-reduced) on a 5% sodium dodecyl sulfate (SDS)-acylamide gel [174, 177]. 

After running gels were fixed for 1 hour and incubated 2x with Dimethyl sulfoxide 

(DMSO) at room temperature for 30 min while shaking. Gels were then washed with 

DMSO-PPO (2,5 dipheynl oxazole) overnight followed by washing with water and 

dehydration before 1-week film exposure and development. 

 

Electron Microscopy (EM) 

Shark cells from adult PBL or a neonatal spleen were resuspended in 4% 

formaldehyde, 1% gluteraldehyde (4F1G). At least 1x107 cells were used in 500 µl 

fixative and incubated overnight at 4°C. Cells were embedded in EPON 812 resin, cut 

into ultrathin sections and stained with lead citrate and 2% uranyl acetate. Images were 

taken using a JEM-1200EX electron microscope (JEOL).  

 

XBP-1 Cloning, amplification and digestion 

Degenerate primers were designed to amplify conserved regions in XBP-1 (XBP-

1 forward: 5’-CG(G/C)AAG(A/C)G(G/(G/C)CTCAC-3’, and XBP-1 reverse: 5’-

AGTTCATTAA(T/G)GGC(C/G/T)TCCA-3’). 5’ RACE was performed, using 

Clontech’s SMART RACE cDNA amplification kit (Clontech) using a non-degenerate 

reverse primer (XBP-1 reverse for RACE: 5’-CCG CAAAGCCTTCTCCTCGG-3’). 

Additional new non-degenerate primers were made from the resulting sequence (XBP-1 
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forward new: 5’-CGCAAGAGGCAGCGGCTCAC-3’, XBP-1 reverse new: 5’-

AACTGCTATTAACTGGGGAAAAAG-3’). A second forward primer was made to 

amplify a shorter piece of XBP-1, starting just before the putative splice site: XBP-1 

forward short: 5’-GATGAAATCAGCCTGGCGGCTGG-3’. This primer, together with 

the non-degenerate reverse primer, was used to amplify the splice region from neonatal 

and adult cDNA. The amplified fragments were digested with Pst1 or left uncut and run 

on 1.2% agarose gels to look for presence of the splice region.  

 

Pax5 Cloning  

Degenerate primers were designed to amplify conserved regions in Pax5 (Pax5 

forward: 5’-GA(T/C)ATCTC(T/C)(A/C)G(A/G)CAGCT(T/C)(A/C)G-3’, Pax5 reverse: 

5’-ATCTCCCAGGC(A/G)AACATGGT(N)GG-3’) from nurse shark spleen and 

epigonal libraries [173]. The resulting fragment was 185 bp in length, which was too 

short to make an in situ hybridization probe, so the sequence was extended via 5’ and 3’ 

RACE, using Clontech’s SMART RACE cDNA amplification kit (Clontech) using new 

nested nurse-shark-specific Pax5 primers and T3 and T7 primers on the library material 

(in PBluescript SK phagemid). For 3’ RACE T7 and Pax5 forward nested primers were 

used (Pax5 forward nest: 5’-GGATCCAAACCAAAGGTCGCTAC-3’) and 5’ RACE 

was performed with T3 and Pax5 reverse nested primers (Pax5 reverse nest: 5’-

TGTAGCGACCTTTGGTTTGGATCC-3’). These RACE reactions resulted in a Pax5 

sequence long enough to use for an in situ hybridization probe (although still not entirely 

complete at the 3’ end). The following primers were used to make the probe, and to 

amplify the longest piece of nurse shark Pax5: Pax5 long forward: 5’-
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ATGGAAATCCACTGTAAGCACG-3’ and the previously described “Pax5 reverse” 

degenerate primer.  

 

RNA isolation and analysis from cryosections 

Tissue was removed from slides using a razor blade and RNA was extracted from 

the scraped tissue with Qiagen’s RNeasy FFPE kit (#73504). Since sections were not 

parafin embedded, protocol steps related to parafin removal were omited. RNA quality 

was anayzed with a BioRad Experion bioanalyzer using high sensitivity chips (BioRad # 

700-7105).  

 

Shark IgM-Fc-fusion constructs 

 A pcDNA3.1 +zeo vector (Invitrogen #V860-20) with a CD4 leader and the hinge 

and C2-C3 domains from human IgG1 was provided by Yongjun Guan at the Institute for 

Human Virology, University of Maryland, Baltimore. HEL-specific NARV clone 5A7 

[198] was cloned into this vector upstream of the hinge using a homology based ligation 

system (Clontech #639619). The following primers were used to introduce homologous 

regions to NARV domain:  “Forward NARV homology” 5’-

ACTGCAACCGGTGTACACTCGGCTCGAGTGGACCAAACACCG-3’ and “Reverse 

NARV homology” 5’-

AGAAGATTTGGGCTCGGATCCCGCATTCACAGTCACGGCAG-3’.  Human Fc 

domains were then replaced with C2-C4 from multiple shark IgM gene families by Ellen 

Hsu’s lab at SUNY Downstate.  These shark IgFc constructs were stably transfected into 

293T cells. Plasmid 0.2 (g DNA was diluted in in 25 (l serum free DMEM. Separately 
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0.5 (l Lipofectamine 2000 (Invitrogen #11668-027) was diluted in 25 (l serum free 

DMEM. These dilutions were incubated for 5 minutes at room temperature then mixed 

together and incubated for an additional 20 minutes at room temperature in a 96-well 

round bottom plate. 293T were resuspended at 3x105 cells/ml in antibiotic free DMEM 

supplemented with 5% low Ig serum. 150 (l cells/well were added to each 

Lipofectamine:DNA mixture and incubated at 37°C for 48 hours. Supernatant was then 

collected and saved, and cells were harvested and resuspended in DMEM with low-Ig 

sera and 0.05 (g Zeocin/ml media. Cells were expanded at 1:10 serial dilutions in 6 well 

plates followed by cloning in 96 well plates for selection of stable transfectants.  

 

ELISA to test IgM-Fc expressions 

 96 well plates (Fisher #1424579) were coated 50 (l/well HEL at 1 (g/ml in PBS 

or PBS alone and incubated overnight at 4°C. The next day plates were washed 3x with 

PBS and blocked with 200 (l/well PBS containing 2% (w/v) milk powder and incubated 

again at 4°C, overnight. Plates were washed 3x with PBS and 50 (l/well of straight cell 

culture supernatants from shark IgFc transfectants (see above) were added. Plates were 

incubated at room temperature for 1-2 hours and washed 4x with PBST (PBS with 0.05% 

Tween). Secondary antibody, goat anti-hu IgG1-HRP (KPL #474-1802), at a 1:1000 

dilution in 2% milk PBS was added (50 (l/well) and plates were incubated for 1 hour at 

room temperature.  Plates were then washed 4x with PBST and detected with 50 (l/well 

detection buffer (1 tablet 3, 3’, 5, 5’-tetramethylbenzidine dihidrochloride (Sigma 

#T3405) dissolved in 10ml 0.05M citric phosphate buffer plus 2.5 (l 30% H2O2). Once 

development reached the desired intensity, the reaction was stopped using 25 (l/well 1M 
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H2SO4 [190]. Plates were read at 450 nm using a VersaMax plate reader (Molecular 

Devices) with Softmax Pro version 5.4. 

 

MACS cell separation 

Cell separation was performed as described [183]. Cells were washed in high salt 

shark PBS (350 mM urea and 140 mM extra salt added to mammalian PBS) 

supplemented with 10% heat inactivated FCS and 0.00025% DNase, before resuspending 

the desired amount (usually 1x108 per column) in 600 µl diluted primary antibody (mAb 

supernatants at 1:4 in PBS) and incubating for 1 hour on ice. Cells were then centrifuged 

and washed with 10 ml of ‘shark PBS “high salt-plus” (supplemented with 2mM EDTA), 

twice. Cells were centrifuged again at 1,000 rpm for 10 min and collected in the 15 ml 

conical tube, before being resuspended in 80 µl MACS buffer (shark PBS “high salt” Ca-

Mg-, 0.5% BSA, 2mM EDTA, 0.00025% DNase, filtered and degassed before use) per 

107 cells. 20 µl Goat anti-Mouse IgG MicroBeads (Miltenyi Biotec cat# 130-048-401) 

was added per 107 starting cells and cells were incubated for 1 hour on ice. Cells were 

centrifuged and washed twice with 1-2 ml of MACS buffer per 107 starting cells, before 

resuspending in 500 µl MACS buffer per 108 starting cells. Cell clumps were removed by 

passage through a mesh cell strainer (Falcon 2235). A magnetic column (LS) in the 

magnetic stand was then wet with 3 ml degassed MACS buffer and cells were loaded and 

left to drip. The flow-through was collected as negative population. 3 ml MACS buffer 

was used to wash three times, before the column was removed from the magnetic-stand, 

and 5 ml MACS buffer was immediately plunger-pushed into a new tube. Cells were then 

ready for FACS staining or use in additional assays.  
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FACS with shark antibodies 

 At least 1x106 cells per sample were collected and pelleted for 3 minutes at 2000 

RPM. Pelleted cells were fixed and permeabilized on ice for 20 minutes in 200 µl 

fix/perm for every 5x106 cells (BD Cytofix/Cytoperm #554714). Cells were washed 1x in 

perm/wash solution, transferred to a 96-well round bottom plate (1x106 cells/well) and 

pelleted. Cells were incubated with 150 µl/well primary antibody (1:100 GA15-FITC or 

GA16-biotin) diluted in perm/wash for 1 hour on ice, protected from light, followed by 

3x washes in perm/wash solution. Streptavidin-APC was diluted in perm/wash solution 

and incubated with cells for 1 hour, on ice, protected from light. Cells were again washed 

2x in perm/wash solution and 1x in filtered mammalian PBS with NaN3, before running 

on a BD LSRII flow cytometer (BD Bioscience).  
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Chapter 3: Transcriptional expression in nurse shark J chain+ and J chain- cells 

throughout ontogeny 

 

Introduction 

Sharks have an adaptive immune system similar to that of higher vertebrates. 

Unique among vertebrates, however, sharks naturally produce high amounts of both 

pentameric (classically ‘19S’) and monomeric (classically ‘7S’) IgM, the latter an 

indicator of adaptive immunity. 19S IgM associates with J chain while 7S IgM does not 

[167, 179], so the presence or absence of J chain in plasma cells is thought to be 

indicative of whether or not nurse shark IgM is secreted as a monomer or pentamer. In 

support of this model, J chain- cells are only in found in adulthood, when 7S IgM levels 

are high (Fig 3-1). Therefore the repression of J chain in some cells presumably allows 

for the secretion of monomeric 7S IgM in older animals. Since the secretion of 7S IgM is 

so important for a specific adaptive immune response in the nurse sharks [190] we were 

interested in studying transcription factors that might be controlling J chain expression in 

the nurse shark.  

We chose candidate genes that have been proposed to control of J chain in higher 

vertebrates, including Pax5, and XBP-1, and Blimp1. Pax5, the “master regulator” of the 

developing and naïve B cell transcriptional program, suppresses plasma cell-specific 

genes, including J chain [120, 124]. XBP-1 is a major regulator of the unfolded protein 

response (UPR), which is important for high levels of protein secretion in plasma cells 

[160]. Lastly, Blimp1 is the master regulator of plasma cell development, indirectly 

inducing upregulation of genes such as J chain and secretory Ig H chain [29, 125, 126]. 
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Some mammalian plasma cells, however, such as those expressing monomeric IgA do 

not express J chain [90, 199] and mammalian B1 cells are believed to secrete “natural” 

IgM antibodies without upregulating Blimp1 [139]. 

Thus, we initiated studies of these classical transcription factors in sharks, 

predicting that Blimp1 would be expressed in all secretory cells, whether or not they 

expressed J chain. Consistent with the mammalian paradigm, shark Blimp1 is expressed 

in splenic 7S IgM-secreting cells; however, it is rarely detected in the J chain+ cells 

producing 19S IgM, and is also absent in J chain- cells of the epigonal organ. While 

secretion without Blimp1 expression has been controversial in mammalian systems, here 

we describe subsets of normally occurring Blimp1- antibody-secreting cells in nurse 

sharks, found in lymphoid tissues at all ontogenic stages.  
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Results 

Changes in IgM and J chain expression in nurse shark spleen throughout development 

As described, neonatal shark serum predominantly contains 19S IgM, along with 

IgM1gj, an IgM isotype that has a pre-rearranged (“germline-joined”) V domain, and lacks 

the C2 domain of the H chain found in both conventionally rearranging 19S and 7S 

species[173]. To examine how IgM expression at the cellular level matches the IgM 

composition in serum, we performed in situ hybridization using spleen tissue at different 

developmental points. The spleen is the only secondary lymphoid tissue in fish, and in 

nurse sharks it contains both red pulp and white pulp (figure 3-1A), the latter composed 

of T and B cell zones [192]. In contrast to the low IgM signal observed in white pulp B 

cell zones, we have classified IgM+ cells localized near red pulp blood vessels or along 

the splenic capsule as antibody-secreting cells based on their intense IgM signal. This 

difference in staining intensity was clear whenever riboprobes specific for either the TM 

or constant domains (C2 or C3/C4) of IgM were used. TM probes only stained B cell 

zones with low intensity, whereas C-specific probes intensely labeled cells near blood 

vessels and stain the white pulps weakly (figure 3-1A). We have examined these 

secretory B cell populations throughout development using three different riboprobes 

specific for IgM1gj, IgM-C2 or J chain. The IgM-C2 probe spans the exon encoding the 

C2 domain, which is lacking in IgM1gj. This probe therefore detects all ‘conventional’ 

IgM (both 7S and 19S) (figure 3-1B), while the J chain probe presumably discriminates 

between the 19S- and 7S-secreting cells, since J chain should only be expressed in 19S 

IgM secreting cells (figure 3-1). 
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Figure 3-1: Expression of immunoglobulin genes in nurse shark spleen tissue throughout 
development 
(A) In situ hybridization of 8(m (non consecutive) sections of spleen tissue from an adult shark (shark W), 
stained with riboprobes specific for IgM-TM (left) or the C2 domain of IgM (right). Regions of white pulp 
B cell zones (WP), red pulp (RP) and blood vessels (BV) are marked. Each photo was taken at 4x 
magnification, and shown with 150 µm scale bar. (B) Schematic mockup of domain structure of IgM and 
IgM1gj with approximate probe position marked. A red line indicates the position of conventional IgM-
specific C2-domain-specific probe, blue line is a C3-C4 domain-specific probe that detects both IgM and 
IgM1gj, the green line is an IgMigj specific probe and the orange line indicates the location of a TM probe. 
(C-E) In situ hybridization of 8(m (non consecutive) sections of spleen tissue from three sharks ages: 5 
days (shark TH) (C), 1-2 months (shark LA) (D), and adult (shark LJ) (E). Probes are specific for: IgM1gj 
(left), C2-domain of conventional IgM (middle), and J-chain (right). All photos were taken at 10x 
magnification and one image from each tissue shown with 100 µm scale bar. Each shark is representative of 
at least one other shark of that age (data not shown). Positive staining is purple. Negative controls with 
sense probes showed no staining (not shown). 
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In young animals (5 days post-partum and one-three months old) the number and 

location of cells expressing J chain correlate well with the number of IgM- plus IgM1gj-

secreting cells (figure 3-1C, D); thus, all IgM+ cells in these young animals were J chain+ 

and IgM1gj was the predominant species expressed in a 5 day-old animal. At this stage, 

the few cells expressing canonical IgM H chains were not associated with the capsule or 

blood vessels where the IgM1gj
+ cells were found. By one-three months of age, more 

canonical IgM-expressing cells were detected, localized near blood vessels and the 

capsule with the existing IgM1gj-expressing cells (figure 3-1D). By the time sharks 

reached 1 year of age, very few splenic IgM1gj –producing cells were observed. Since the 

total number of IgM+ cells greatly exceeded the number of J chain+ cells at this stage, 

only a subset of all adult IgM+ cells must co-express J chain (figure 3-1E).  

Our in situ hybridization results concur with previously reported serum levels of 

IgM1gj, 19S IgM, and 7S IgM: neonatal/young shark plasma cells express either IgM1gj or 

19S IgM; by one year of age splenic IgM1gj expression is extinguished and only 

approximately half of IgM-secreting cells are J chain+ (19S-producers) and the remainder 

J chain- (presumed 7S-producers).  

 

Blimp1 is not expressed in a population of splenic neonatal and adult IgM secreting cells 

To study the control of splenic J chain expression, we began by examining 

expression of the “master regulator” of plasma cell development, Blimp1, by in situ 

hybridization, using riboprobes specific for J chain, Blimp1, or the C3-C4 domains of 

IgM, which detects both IgM1gj and conventional IgM. In mammals, Blimp1 is thought to 

be absolutely required for plasma cell development and function; it indirectly induces J 
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chain expression by repressing Pax5, a negative regulator of the J chain promoter [124]. 

Thus, we were surprised to find that the majority of J chain+/IgM+ and J chain+/IgM1gj
+ 

cells in neonatal spleen were Blimp1- by in situ hybridization (figure 3-2A); note 

specifically the absence of Blimp1 staining in the neonatal splenic capsule (dashed box 

inset) where many IgM1gj and 19S-secreting cells were found (figure 3-1). 

Unlike neonatal sharks, Blimp1 was expressed in adult spleen, but the number of 

Blimp1+ cells was lower than the IgM-secreting cells (figure 3-2B). As mentioned, J 

chain transcripts were also expressed in only about half as many adult cells as IgM 

(figure 3-1). By inference from the young sharks, we predicted that there would be a J 

chain+/Blimp1- 19S-secreting cell population in adults (table 3-1). In this scenario, 

Blimp1 would therefore be expressed in J chain-, 7S IgM-secretors, like conventional 

mammalian plasma cells. Since splenic IgM-secreting cells formed large clusters under 

the splenic capsule and near blood vessels, it was difficult to determine from these 

sections whether, as predicted, Blimp1- cells were truly J chain+ and vice versa.  

 In summary all IgM-secreting cells in neonatal shark spleen and approximately 

half of the cells in adult spleen lack detectable Blimp1 expression. 

 

Secretion of IgM protein 

Although, as described, shark plasma cells express high levels of IgM RNA and 

lack TM IgM mRNA (figure 3-1A), we also sought to determine whether these Blimp1- 

cells truly secrete 19S IgM and IgM1gj. Ideally, we would like to identify the adult 19S- 

and 7S-secreting cells to examine protein secretion and Blimp1 and/or J chain expression. 

Unfortunately, mAbs that clearly identify these populations or their secreted product are   
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Figure 3-2: Expression of IgM, J-chain and Blimp-1 in adult nurse shark spleen tissue 
In situ hybridization of 8(m (non consecutive) sections from (A) neonatal (shark LA) or (B) adult (shark 
EL) nurse sharks. Probes are specific for: IgM C3-C4 (left), which recognizes both IgM1gj and rearranging 
IgM, J-chain (middle) or Blimp-1 (right). Images taken at 10x magnification with 100 µm scale bar 
indicated in C3-C4 stain. Dotted boxes represent insets of 3x digital zoom from each 10x image. Positive 
staining is purple. Negative controls with sense probes showed no staining (not shown). Data are 
representative of at least 2 experiments for each stain set and age. 
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    J chain Blimp1 

Neonatal spleen 19S IgM + - * 

 IgM1gj + - * 

 7S IgM N/A N/A 

  IgW N/A N/A 

Adult spleen 19S IgM + - * 

 IgM1gj N/A N/A 

 7S IgM - + ** 

  IgW +/- ? 

Epigonal 19S IgM*** +  - 

 IgM1gj + - 

 7S IgM - - 

 IgW + - 
 

 
Table 3-1: Summary of J-chain and Blimp-1 expression in Ig-secreting cells 
The table summarizes in situ hybridization data from figures 3-5 and 7, encompassing expression in the 
neonatal spleen along with adult spleen and epigonal tissue. (+) indicates presence of transcript by in situ 
hybridization, (-) indicates no expression was detected by in situ, (N/A) indicates that the cell type in 
question is not present in said tissue, and (?) indicates that the staining pairs in question were not performed 
in these studies. We recognize that the results may be somewhat oversimplified in this chart. To address 
more subtle expression possibilities: (*) indicates that although we did not find Blimp1 expression in the 
vast majority of neonatal 19S, and IgM1gj secretors or adult J chain+, it is possible that either a minority of 
these cells may express Blimp1 or that Blimp1 is present at very low levels, below our level of detection. 
(**) indicates that, while the majority of Blimp1+ cells were J chain-, the fact that these are 7S secretors is 
an inference made from the other stains, based on raw numbers of IgM, J chain and Blimp1 expressing 
cells. We cannot say for certain that there is not also a population of Blimp1- 7S cells, since we did not 
perform triple stains with J chain, Blimp1, and IgM together. (***) Although very few IgM cells were 
found to be J chain+ in the epigonal, there is a small portion of cells present in this tissue that do express J 
chain (11%, see figure 3-8). A portion of these cells are likely IgM1gj

+, since we know that this isotype is 
still expressed with J chain in the epigonal (figure 3-9), however some of them may also be 19S IgM 
secretors. One possibility is that, similar to IgM1gj, early 19S cells (perhaps the IgMG4D+ cells discussed in 
Chapter 5) may also reside long term in the epigonal.. 
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not available, and thus we focused on IgM1gj-secreting cells from young animals, which 

are all Blimp1-/J chain+ (figure 3-2A).  

ELISPOTs were performed using plasma cell-enriched percoll fractions from 

spleen or epigonal tissue of shark EN that was approximately 1 year old. In this assay 

secreted Ig was captured with the IgM1gj-specific mAb, TG4, and detected with 

biotinylated mAb GA16, which also binds to IgM1gj [173]. Significantly more IgM1gj-

secreting cells were detected from epigonal than from spleen when at least 2.5x105 

cells/well were plated. Average positive spots +/- SEM at this dilution of splenocytes was 

9.3 +/- 3.9, whereas epigonal cells yielded 28 +/- 3 spots per well (p value= 0.01) (figure 

3-3A). The presence of IgM1gj-secreting cells in the epigonal, but not spleen, of adult 

sharks is consistent with a previous study of Ig expression in the epigonal organ [173] 

and in situ hybridization data from another shark of this age (figure 3-1E). We were also 

able to detect conventional IgM secreted from epigonal cells via ELISPOT (data not 

shown); since all epigonal secretory B cells are Blimp1- (figure 3-8A), and previous work 

demonstrated that Ig is secreted from epigonal cells [173] these cells clearly secrete Ig in 

the absence of Blimp1 expression. In addition to confirming earlier epigonal secretion 

data, these ELISPOTs can be used to address the amount of Ig secreted from individual 

cells, as discussed below, which was not known from the previous immunoprecipitation 

studies [173].  

IgM1gj-secreting cells were also detected in the blood of both a young (~6 month 

old) and adult (9 year old) shark, although significantly more IgM1gj-secreting cells were 

found in the blood of the young animal than the adult (p values = 0.01, 0.02, and 0.03 for 

1.25x105 cells/well, 2.5x105 cells/well, 5x105 cells/well respectively) (figure 3-3B). There   



 
 

62 

 

 

 

 

 
Figure 3-3: IgM1gj protein secretion 
Number of positive ELSPOTS using cells from spleen (grey bars) or epigonal (white bars) tissue from a 1 
year old shark (shark EN), where secreted Ig was captured with anti-IgM1gj mAb, TG4 and detected with 
biotinylated mAb, GA16 (A). IgM1gj secretion from PBLs was also measured by ELISPOT using blood 
from an adult (shark B, grey bars) or young (shark R, white bars) shark, LK14 capture, and biotinylated 
TG4 detection (B). Each data point represents triplicates for that condition and (*) indicates p-value of less 
than 0.05 (T-test). Error bars signify SEM. Representative ELISPOT wells of secreted IgM1gjfrom (B) or 
from CB5-coated, LK14-biotin detected Ig are shown in (C). Immunoprecipitations were performed on 
radiolabeled supernatants from the same cells used in (B) and (C). Samples from protein G preclears or 
immunoprecipitations with CB5 (anti-IgM), TG4 (anti-IgM1gj) or GA10 (anti-NAR) were run non-reduced 
on 5% gels and film was exposed for 1 week (D) [173].  
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was less of this secreted IgM1gj, (captured with anti-L chain mAb, LK14 and detected 

with IgM1gj-specific, biotinylated TG4) than total conventional (non-germline joined) 

IgM (CB5 capture, LK14-biotin detection) in both sharks, and the size of the IgM1gj spots 

was smaller (figure 3-3C), which could indicate that these Blimp1-, IgM1gj-secreting cells 

produced less protein than other IgM-secretors in the blood. The spots representing 

“conventional” IgM-secreting cells (figure 3-3C, all #+ IgM) may be producing either 

19S or 7S, since we were unable to differentiate the two via this ELISPOT procedure. We 

would predict, however, that other Blimp1- cells such as splenic 19S producers and all 

epigonal secretors may also secrete Ig at low levels, similar to the IgM1gj secretors from 

the blood. This idea is supported by our observation that J chain+ cells in the spleen of 

adult shark express IgM mRNA at lower levels than J chain- cells (figure 3-11 and 

discussed below).  

Since there are no IgM1gj-secreting cells in the spleen of adult sharks (figure 3-

1E) [173], it was surprising to find a substantial number in the blood of an adult shark. 

TG4 immunoprecipitation of radiolabeled PBL cell supernatants from the same 6-month 

and 9 year old sharks confirmed this IgM1gj secretion, however (figure 3-3D). In addition 

to IgM1gj, 19S and 7S IgM were seen in both sharks after immunoprecipitation with mAb 

CB5, and a large amount of 19S IgM was also depleted during preclear with protein G 

beads, which is expected due to the “stickiness” of high avidity 19S [190]. There was 

little IgNAR secreted from cells in the young animal (GA10 IP), which is consistent with 

its age. Since, there is negligible IgM1gj expression in adult spleen, these secreting cells 

may be trafficking through the blood from the epigonal organ.  
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In summary, we found Blimp1- IgM1gj-secreting cells in the spleen and epigonal 

of young animals and in the blood of both young and adult sharks. These cells clearly 

secrete Ig in culture, although apparently at lower levels than adult cells. We address the 

different levels of IgM mRNA expressed in 19S and 7S secretory cells below. 

 

Morphology of secreting cells 

 The Blimp1-, IgM1gj-secreting cells produced smaller spots in ELISPOT assays, 

and therefore they seem to secrete less protein than other plasma cells (figure 3-3). It has 

been suggested that both 19S and IgM1gj secreting cells may not be fully differentiated 

plasma cells and, instead, that may be maintained in a persistent plasmablast-like state, 

similar to what has been described for mammalian B1 cells [42]. Therefore, we were 

interested in examining the morphology of the Blimp1+ vs. Blimp1- cells, in particular, 

whether the Blimp1- cells had the physical traits of typical plasma cells.  

Owing to the difficulty in separating adult 19S from 7S cells, we attempted to 

pursue these studies using neonatal splenocytes, containing entirely Blimp1- cells. In 

general, the morphology of plasma cells in in situ stained sections from the spleen of 

young animals (all Blimp1-) resembled typical plasma cells. Even at low magnifications, 

they appeared larger than resting lymphocytes and had a distended cytoplasm, 

presumably with an extensive endoplasmic reticulum (ER) for secreting high levels of Ig. 

In order to definitively examine the ER we attempted to examine these cells at a higher 

magnification by EM (figure 3-4). Cells from neonatal shark spleen or adult PBLs were 

fractionated over a percoll gradient to enrich the population for plasma cells. These cells 

were then examined via EM for key features of plasma cells. Adult cells were found with  
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Figure 3-4: EM images of young vs. adult cells 
EM images of PBLs from an adult shark (shark G) (A) or spleen cells from a young animal (shark SN) (B), 
after percoll gradient enrichment for the plasma cell-containing fraction. H&E stain of cells used for EM 
shown in upper panel. Two fields of view from 8,000x magnification (middle) and one from 25,000x 
magnification (bottom) are shown below.  
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typical plasma cell morphology, including a large distended cytoplasm and extensive ER 

network. These adult cells generally had a “closed” chromatin configuration, suggesting 

that they were end-stage, secreting plasma cells. In contrast, the putative plasma cells 

from the neonatal spleen, while possessing a similar cytoplasm and ER morphology, 

generally had a more open chromatin configuration, suggesting that, indeed, they may not 

be terminally differentiated plasma cells (figure 3-4).  

 

19S cells express other plasma cell markers  

The morphology of the neonatal 19S/IgM-secreting cells was indeed more 

suggestive of a “plasmablast-like” phenotype (figure 3-4), and since, as mentioned, there 

have been questions about whether or not 19S-secreting cells are truly fully differentiated 

“plasma cells,” we attempted to characterize other markers of B cell and plasma cell 

differentiation in these cells. In secretory cells and during stress, the plasma cell marker 

XBP-1 is found in an active spliced form (sXBP-1) [160]. Spliced XBP-1 is generated 

through a unique cytoplasmic splicing mechanism, in which IRE1 removes a base pair 

region between two hairpins from the mRNA of inactive XBP-1 (iXBP-1) [161]. This 

splice creates a frameshift in the transcript, placing the activation domain in-frame and a 

nuclear-exclusion signal out- of-frame. sXBP-1 can then enter the nucleus and function in 

the upregulation of its own gene as well as many other UPR genes ([160, 161] and 

reviewed in [159]). 

Using degenerate primers, we amplified and cloned nurse shark XBP-1 from 

spleen cDNA. The region involving the splice site and activation domain is quite well 

conserved across evolution (figure 3-5). When the putative 26 base pair splice was  
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Figure 3-5:  Alignment of nurse shark XBP-1 with other species 
A ClustalW alignment of parital nurse shark XBP-1 with XBP-1 from multiple species is shown.  Nurse 
shark XBP-1 was cloned using degenerate primers to conserved regions, and the cloned sequence was 
translated and aligned with XBP-1 from other species (NS.XBP1.2).  When the putative XBP-1 splice site 
(conserved with the human splice form) is removed from the shark sequence, and the sequence is translated 
and aligned it shows similarity to the active human form (NS.XBP1.2.SPLICED and XBP1_S.human) 
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removed from the cDNA sequence, a translation of the resulting frameshift aligned well 

with active human sXBP-1 (figure 3-5). All but 26 base pairs of the RNA between 

“active” and “inactive” forms of XBP-1 are identical, so it would be difficult to 

distinguish the two forms using a riboprobe. There is, however, a unique Pst1 restriction 

site found in the 26 base pair splice region of the nurse shark sequence. When XBP-1 is 

in its inactive, unspliced form, there is a single Pst1 cut site present in the splice region, 

and when XBP-1 is activated this region, including the Pst1 site, will be spliced out. 

Active sXBP-1 should therefore remain uncut by Pst1, and we examined expression of 

the active/inactive forms in various tissues using this strategy.  

We examined cDNA from both young and adult nurse shark spleens for the 

presence of active s XBP-1 that is resistant to Pst1 digestion (figure 3-6). Again, because 

we were unable to separate adult 19S from 7S secreting cells, material from a neonatal 

spleen was used as a surrogate for adult 19S secreting cells. Since all neonatal secreting 

cells are J chain+ and Blimp1- (figure 3-2), if these cells contain active XBP-1 we should 

be able to detect the spliced form in neonatal spleen tissue. Indeed, a small amount of 

sXBP-1 was found in the spleen of a young animal (figure 3-6). Muscle cDNA was used 

as a negative control since there should be little if any sXBP-1 in healthy muscle. Indeed 

much less sXBP-1 (undigested with Pst1) was found in muscle than spleen tissue, but 

since there was less total XBP-1 in muscle some uncertainty remains with this assay. 

Regardless, the presence of active sXBP-1 in neonatal adult spleen tissue lacking 7S 

secretors suggests that Blimp1- cells are true secretory cells. We are currently preparing 

an antibody to the active form of XBP-1 to study this question definitively. 
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Figure 3-6: Pst1 digestion of spliced vs. unspliced XBP-1 in young and adult nurse sharks 
 XBP-1 specific PCR primers were used to amplify XBP-1 from young or adult shark spleen cDNA or 
adult muscle cDNA.  Amplified products were then digested with Pst1 (+) or left uncut (-).  PstI enzyme 
cuts inactive, but not active, spliced XBP1  
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Pax5 is not expressed in any shark secretory cells 

Another hallmark of plasma cell differentiation is the extinction of Pax5 

expression. Blimp1 represses Pax5 in mammalian plasma cells resulting in a plethora of 

effects [120], including up-regulation of J chain expression; however, since we have 

found that many shark Ig-secreting cells do not express Blimp1, we wondered whether 

Pax5 might not be extinguished in these cells, similar to what has been reported for some 

mammalian secretory cells [139]. As expected, Pax5 was expressed in the splenic B cell 

zones of both neonatal and adult nurse sharks, but no staining was detected in areas 

where plasma cells congregate (i.e. around blood vessels, black arrows, figure 3-7), 

whether or not they expressed Blimp1or J chain. Therefore, Pax5 expression is 

extinguished in all shark Ig-secreting cells, and some other factor besides Blimp1 must 

repress Pax5 expression in a subset of nurse shark Ig-secreting cells. 

 

Blimp1 and H-chain expression in epigonal tissue 

Due to the observed dense clustering of plasma cells in adult spleen, we examined 

Blimp1 and J chain expression in another adult lymphoid organ. The epigonal is a 

primary lymphoid tissue, the shark equivalent of mammalian bone marrow. Since plasma 

cells are evenly dispersed throughout this tissue, it seemed ideal for examining Blimp1 

expression in individual secreting cells, but unlike the spleen (figure 3-2), none of the 

epigonal IgM+ or J chain+ cells expressed Blimp1 (figure 3-8A, table 3-1). 

Approximately equal numbers of epigonal IgM+ and J chain+ cells were present, raising 

the possibility that all plasma cells in this tissue were IgM+/J chain+/Blimp1-. Upon closer 

examination of consecutive sections and with in situ hybridization double-staining, IgM  
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Figure 3-7: Pax5 expression in young and adult spleen tissue 
In situ hybridization staining of 8(m (non consecutive) sections of spleen tissue from a 1 month old (shark 
H) (A) or adult shark (shark W) (B). From left to right probes are specific for: IgM spanning C3-C4, J-
chain, Blimp- or Pax5. Black arrows indicate regions near blood vessels where plasma cells congregate. All 
photographs taken at 10x magnification with 100 µm scale bar shown. Positive staining is purple. Negative 
controls with sense probes showed no staining (not shown). 
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 Percent of total cells 
IgM+ only 45% 

J chain+ only 44% 
IgM+/J chain+ 11% 

Total 100% 
 
 
Figure 3-8: Co-expression of IgM with either J-chain or IgL! in epigonal tissue  
(A) In situ hybridization of 8(m (non consecutive) adult shark, EL. Probes are specific for: IgM C3-C4 
(left), which recognizes both IgM1gj and rearranging IgM, J-chain (middle) or Blimp-1 (right). (B and C) In 
situ hybridization of 8(m sections of epigonal tissue from an adult shark (shark W), double-stained with 
either IgM-DIG and J-chain-FLU B) or IgM-DIG and Kappa light chain-FLU probes (C).IgM-positive cells 
(top) are green, and positive staining for J-chain (B) or IgL# (C) staining (middle) is purple. Images are 
merged at bottom. Images on the left were taken at 10x magnification with 100 µm scale bar shown in IgM 
stain, and insets on the right are at 40x magnification with 50 µm scale bars. Black boxes denote the 
regions of magnified insets. Negative controls with sense probes showed no staining (not shown). Data are 
representative of at least 2 experiments for each stain set and age. (D) Percent of adult epigonal cells that 
are IgM+ only, J chain+ only, or IgM+ and J chain+ (from B, 73 cells total counted). 
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and J chain were surprisingly rarely coexpressed (figure 3-8B. D). Thus the majority of 

IgM+ cells was J chain- in this tissue, and none of them expressed Blimp1 (figure 3-8A, 

table 3-1). The small portion of IgM+ cells that are also J chain+ could either secrete 

IgM1gj (discussed below, figure 3-9B) or could express true 19S IgM. In addition to IgM 

and IgM1gj, nurse sharks also express two other Ig isotypes, IgW and IgNAR. Since there 

were about twice as many IgL#+ plasma cells in the epigonal tissue as there were IgM+ 

secreting cells (figure 3-8C), it was likely that the IgM-/J chain+ cells expressed another 

H chain isotype that associates with Ig# L chains. As IgNAR does not associate with L 

chains, we predicted that the J chain+ cells expressed IgW.  

Indeed, the majority of epigonal J chain+ cells did co-express IgW (figure 3-9A). 

Some J chain+/IgM1gj
+ cells were also found in the adult epigonal, but the IgNAR cells 

were all J chain- (figure 3-9B, C). Therefore, although the composition of plasma cells in 

the epigonal and spleen is quite different: Blimp1- secreting cells are found in both 

lymphoid tissues. Specifically, J chain+ plasma cells in both organs lack Blimp1, but 

these cells co-express predominantly IgW in the epigonal and IgM in the spleen. Also, 

the epigonal contains Blimp1-/IgM+/J chain- cells whereas these cells are predicted to be 

Blimp1+ in the spleen (see Discussion and table 3-1). Regardless of this major difference 

in Blimp1 expression between IgM+/J chain- cells in adult spleen and epigonal, we 

emphasize that similar to young animals, adult secretory cells can be Blimp1- and J chain 

expression is not regulated by Blimp1. 
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Figure 3-9: Co-expression of J-chain and non-IgM isotypes in epigonal tissue 
In situ hybridization of 8 (m sections of epigonal tissue from an adult shark (shark W), double stained with 
J-chain-DIG and IgW-FLU (A), IgM1gj--DIG and J-chain-FLU (B), or IgNAR-DIG and J-chain-FLU (C) 
probes. Cells positive for DIG-labeled probes (left) stain green. Cells positive for FLU-labeled probes 
(middle) stain purple. Images are merged at right. All photographs were taken at 40x magnification with 50 
µm scale bar marked. Negative controls with sense probes showed no staining (not shown).  
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J chain and Blimp1 are non-coordinately expressed in adult spleen 

While it was clear that J chain+ Ig-secreting cells in neonatal spleen and adult 

epigonal were Blimp1- (figure 3-2A, 3-8; Table 3-1), staining of adult spleen was 

problematic because of the great number of clustered plasma cells. To address this 

problem, we attempted double-stain, in situ hybridization experiments with Blimp1 and J 

chain probes in spleen, but this also proved difficult due to the vastly different expression 

levels between the transcription factor and Ig/J chain. We therefore performed single 

stains on consecutive, 6 (m spleen sections and “field-stitched” images from consecutive 

slices together to examine co-expression of IgM with J chain, IgM with Blimp1, and, 

most importantly, Blimp1 with J chain.  

Most plasma cells are approximately 10 µm in diameter, and therefore large 

enough, in many cases, that one cell will be visible in consecutive 6 (m sections, 

however some cells will obviously not carry over to the next slide. In order to determine 

how often one cell could be detected in consecutive sections, we performed control stains 

using the same probe on successive slices. For these controls, we used probes specific for 

the previously mentioned IgNAR isotype that is expressed in ~90% fewer splenic plasma 

cells than IgM, allowing detection of non-clustered IgNAR+ cells.  

Both consecutive sections were photographed in bright field, so in order to distinguish the 

images once they were overlaid, they were pseudocolored, one image in orange and the 

other in blue. Because the pseudocolor affected only the white space in the photos, any 

cell that was positive in image 1 (orange) but negative in image 2 (blue) appeared blue in 

the overlay. Conversely, any cell that was negative in image 1 and positive in image 2 

appeared orange. Tissue sections with no positive cells were neutral-colored in the merge 
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and, most importantly, cells that were positive in both remained black. When the IgNAR-

specific probes were used on consecutive sections, five cells were found in a 

representative field of view that were IgNAR+ in both sections and appeared black in the 

merged image (figure 3-10A, black arrows), whereas only two cells were found in the 

first but not second image, and appear blue in the merge (figure 3-10A, black circles). 

Therefore the majority (5 out of 7) of IgNAR+ cells detected in one tissue section was 

also found in the following section, giving us confidence in the ability to use this 

procedure with other probes.  

IgNAR is a monomer in serum, and no J chain+/IgNAR+ double-staining cells 

were found in the epigonal tissue (figure 3-9), so we did not expect co-expression of J 

chain in IgNAR plasma cells in the spleen. Furthermore, like 7S IgM, IgNAR produces 

an enhanced-affinity, antigen-specific response [190], so we predicted that the J chain 

expression state of IgNAR+ plasma cells would be similar to the Blimp1- 7S secretors 

(also see Discussion). Therefore, as an additional control we examined IgNAR and J 

chain expression in these consecutive sections and indeed, the majority of IgNAR-

secreting cells in the spleen were J chain-. Black arrows highlight IgNAR single-positive 

cells, which appear orange in the merge; whereas all blue cells in the merged image are J 

chain+/IgNAR- (figure 3-10B).  

As expected based on raw numbers of positive cells (figures 3-1,2), 

approximately half of the IgM-secreting cells in the spleen were J chain+ (figure 3-10C) 

and, similarly, half of the IgM+ cells co-expressed Blimp1 (figure 3-10E). Very few cells 

co-expressed J chain and Blimp1, as evidenced by the lower number of black cells in the 

Blimp1/J chain merge when compared to IgM/J chain or IgM/Blimp1 (figure 3-10C-E).  
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Figure 3-10: In situ hybridization for co-expression using consecutive spleen tissue sections 
In situ hybridization of consecutive 6 (m sections of sections of adult spleen tissue (shark W). Consecutive 
sections were stained with the probes indicated and the two images pseudocolored and field stitched 
together (right column). Probe pairs were IgNAR:IgNAR (A), J-chain:IgNAR (B), IgM:J-chain (C), Blimp-
1:J-chain (D) and Blimp-1:IgM (E).Vertical white arrows indicate same probe used as photo above. 
Presence of black stain in the merge (far right) column indicates coexpression. Arrows in (A) indicate cells 
expressing IgNAR in both fields. Circles in (A) indicate IgNAR+ cells only seen in one of the two fields. 
Arrows in (B) indicate IgNAR+/J-chain-  cells (orange in merge). All images were taken at 40x 
magnification and 100 µm scale bar is indicated in left-hand column. Each region is representative of 
multiple stains. 
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Therefore, the J chain and Blimp1 expression patterns in the adult spleen are consistent 

with our observations in the neonatal shark: J chain+ cells are predominantly Blimp1- and 

vice versa (table 3-1).  

 

J chain+, Blimp1- cells express lower levels of IgM 

Blimp1 is traditionally believed to regulate high levels of IgM secretion, and since 

the J chain+ cells were found to be Blimp1-, it is possible that, similar to IgM1gj secretors 

(figure 3-3) and what has been suggested for mammalian B1 cells [138, 200], Blimp1- 

cells may secrete lower amounts of IgM than Blimp1+ cells. If true, the J chain+/Blimp1- 

19S cells may also have fewer IgM transcripts than the Blimp1+ 7S cells.  

When the IgM mRNA signal in plasma cells was visualized with a fluorescently 

conjugated secondary antibody instead of our standard chromogenic in situ hybridization 

method (figures 3-1, 2, 7, and 10), we found variability, almost a dichotomy, in the IgM 

signal intensity in secreting cells (figure 3-11A). To determine whether the J chain+ cells 

were, in fact, staining less intensely for IgM, we performed in situ hybridization double-

stains using a DIG-labeled IgM probe, detected fluorescently, followed by chromogenic 

detection of a FLU-labeled J chain probe. We found that the J chain+ cells did indeed 

have a lower IgM signal than many J chain- cells (figure 3-11A), but it should be noted 

that the level of IgM transcript in these IgMlow secreting cells is still much higher than 

that seen in non-secreting B cells found in the white pulp (figure 3-1). 

In order to quantify the level of IgM signal in the splenic secretory cells, the mean 

brightness of IgM stain was analyzed in J chain+ and J chain- cells. All J chain+ cells and 

any brightly staining IgM cells that were J chain- were included in this analysis. J chain-
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/IgMlow cells were excluded from this analysis since we could not be certain whether they 

were staining dimly because they actually expressed lower amounts of IgM mRNA, or 

because during sectioning the cell was sliced at its edge, resulting in a deceptively low 

signal. The average brightness of J chain+ and J chain- cells was measured using the 

densitometric mean of the green (IgM) signal for each selected cell. Based on this 

analysis, the majority of the brightest IgM+ cells were J chain-, while none of the very 

bright cells co-expressed J chain; conversely, J chain+ cells were almost universally IgM-

dim (figure 3-11B). J chain- cells had an average densitometric mean of 2173.2 +/- 140.1, 

whereas J chain+ cells were dimmer, at 1688.7 +/- 127.4 (p value = 0.01). In summary, 

consistent with the IgM1gj ELISPOT data, the J chain+/Blimp1- cells (predicted to 

produce 19S IgM) express lower levels of secreted IgM transcript than the J chain-

/Blimp1+ cells (predicted to produce 7S IgM). 
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Figure 3-11: Variable strength of IgM signal in J-chain positive and negative spleen cells 
In situ hybridization double stain of 6 (m sections spleen tissue from an adult shark (shark W). (A) Slides 
were double stained with IgM-C3-C4-DIG (left) and J-chain-FLU (middle) riboprobes. Images merged at 
right. Photographs taken at 40x magnification and marked with a 100 µm scale bar. (B) Data from 50 cells 
each of J-chain+ and J-chain- cells (from multiple fields of view) were pooled to get an average mean 
fluorescent intensity of the IgM stain (green). (*) indicates p-value of less than 0.05 (T-test). Error bars 
signify SEM. 
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Discussion 

We have found a population of Ig-secreting, J chain+ cells present in both adult 

and young nurse sharks that do not express Blimp1. Therefore, unlike conventional 

mammalian plasma cells, neither the antibody secretion functions nor the expression of J 

chain are under the control of this master transcription factor in sharks. Thus, in sharks 

Blimp1 seems to be more important for terminal differentiation and cell cycle arrest than 

for Ig secretion and J chain expression. Blimp1-/J chain+ cells do, however, express lower 

amounts of IgM transcript than Blimp1+/J chain- cells, and ELISPOTs from IgM1gj-

secreting cells are smaller than those of conventional Ig, suggesting that the 19S- and 

IgM1gj-secreting cells produce somewhat lower levels of secreted IgM protein than 7S-

secretors, consistent with some recent models in mammals [45, 138, 200].  

Despite extensive searching, no known transmembrane (TM) region has been 

found for IgM1gj, and it is possible that, like the C2 domain, the TM region of IgM1gj has 

been lost. If this is the case, IgM1gj may be induced to secrete after innate immune 

recognition or self-signals, and may therefore be regulating the “plasma cell phenotype” 

though entirely Blimp1-independent mechanisms.  

The secreted high-avidity, 19S IgM is known to be cross-reactive and it may be 

beneficial for the shark to have a large proportion of cells that can be easily induced to 

secrete such “innate-like” Ig, even if it is not produced at the same high levels as 

“adaptive” Ig. This may be especially important for the nurse shark, since the 7S and 

IgNAR responses, while comprising the typical antigen-specific response, take some time 

to reach peak levels [190]. Therefore, having cells that can be easily triggered to secrete 

natural antibodies might be of added importance as a first line of defense in an animal 
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with such slow adaptive kinetics. These 19S-secreting cells could either self-renew like 

mammalian B1 cells, or be continually derived from precursors after stimulation with 

commensal bacteria or other common signals. 

Based on the differences in gene expression between 19S- and 7S-secreting cells, 

we hypothesize that the transcriptional expression profile of these cells may be related to 

the emergence of the cells during B cell development and that one of two models may be 

true: either 19S and 7S producers develop from separate lineages, like B1 and B2 cells in 

mammals (see discussion in chapter 7, model 1), or plasma cells go through a 19S-

secreting plasmablast state before “switching” to become 7S producers by shutting down 

J chain expression (see discussion in chapter 7, model 2). Of course, the actual situation 

may be more complicated than either of these models and could even be a mixture of the 

two. 

We have also detected a population of Ig-secreting cells in the epigonal organ that 

is J chain- and Blimp1- (figure 3-8), thus differing in Blimp1 expression status from the J 

chain- cells in the spleen (table 3-1). This apparent contradiction may be explained by the 

proposed nature of cells in the epigonal; like mammalian bone marrow, the epigonal 

organ likely contains a subset of long-lived plasma cells that persist throughout life. For 

example, the IgM1gj-secreting cells that develop early in life do not express Blimp1, and 

persist only in the epigonal tissue of adult sharks ([173] and table 3-1). Perhaps, not just 

IgM1gj but all epigonal-resident plasma cells continue to slowly divide throughout the life 

of the animal. In this scenario IgW+/J chain+ cells would make up one lineage (with 

unknown function), while IgM+/J chain- cells may be a second long-lived, antigen-

specific lineage that continues to persist in the epigonal after B cell activation in the 
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spleen. In either case, the epigonal appears to be an organ in which Blimp1- plasma cells 

of various types survive and are capable of long-term self-renewal. The appearance of 

secreted IgM1gj in metabolically labeled cells from adult blood, suggests that some of 

these long-lived cells may also traffic between the epigonal and blood throughout the life 

of the animals, even though few cells are found in the spleen of adult animals and total 

IgM1gj concentrations in the sera are low in adulthood. It is also important to note that 

some class switch between IgW and IgM has been detected in epigonal tissue [184].  Our 

analysis was performed using riboprobes specific for the C domains of IgM or IgW, so if 

these cells express a switched V region (i.e. IgM V on IgW Cs), we would not have 

detected it in these cells. It would be interesting to more closely examine the J chain+/- 

epigonal secreting cells to see if they originally expressed a different H chain isotype.  

While results with Blimp1 expression in plasma cells have been controversial in 

mammalian systems [136, 139], here we describe naturally occurring antibody-secreting 

cells, found in multiple lymphoid tissues in both young and adult nurse sharks, which do 

not express Blimp1. Additionally, we found that the majority of J chain+ 19S IgM-

secreting cells are either Blimp1-, or express Blimp1 at levels below our detection 

threshold, while Blimp1 is expressed normally in 7S secretors. Although IgM transcripts 

are expressed at lower levels in the J chain+ cells, these cells nevertheless secrete 

detectable 19S IgM in the absence of Blimp1. Together, these data suggest that, in sharks, 

19S-secreting cells and other secreting memory B cells in the bone marrow-equivalent 

can be maintained for long periods in the absence of Blimp1, but like in mammals, 

Blimp1 is required for terminating the B cell program following a true adaptive immune 

response in the spleen. 
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Our observation, that Blimp1 is not expressed in all antibody-secreting shark 

cells, supports the non-canonical model of Blimp1 expression in the Ig-secretion program 

of mammalian B1 cells. Thus, our results not only make inroads to the age-old problem 

of the production of 19S and 7S IgM in secretory B cells in sharks, but also have 

implications for the role of Blimp1 in Ig secretion in B cell lineages in all vertebrates. 
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Chapter 4: Further characterization and function of IgM1gj 

 

Introduction 

Nurse sharks express two classes of antibody early in ontogeny: pentameric, 19S 

IgM, and an invariant, “germline-joined” gene, IgM1gj [173, 190]. 7S IgM is absent from 

sera during early development, but 7S IgM levels increase steadily as the sharks age, so 

that by adulthood serum IgM is comprised of roughly equal levels of 19S and 7S IgM and 

negligible IgM1gj [178].  

For this arm of the project, we attempted to better characterize IgM1gj, the early-

expressed, innate Ig found in nurse sharks. Since IgM1gj has a completely invariant V 

region in its H chain it may function as an even more specialized “natural” antibody than 

those found in mammals. Although the H chain binding site of this molecule is encoded 

by a pre-rearranged V gene, and therefore must have a fixed specificity, L chain 

preference could affect the binding specificity, and it is unknown which L chain 

associates with IgM1gj. Additionally, little is known about the specificity of this molecule, 

so we were interested in searching for potential self-antigens that bind to IgM1gj and 

reveal its function. Therefore, to address these issues, we have examined IgM1gj L chain 

pairings using in situ hybridization, IHC, and protein sequencing, and studied potential 

antigens for IgM1gj by using both mammalian assays for natural IgM binding and in vivo 

analysis of shark tissues.   
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Results  

A major subpopulation of IgM1gj H chain associates with an Ig! L chain  

Ig# is the most prevalent L chain expressed in both neonatal and adult shark 

spleen (discussed in next chapter, figure 5-2). In very young animals, Ig# localized to 

subcapsular regions and splenic blood vessels by in situ hybridization, similar to IgM1gj 

localization in neonates (panels from figure 4-1A). This co-localization suggests that 

IgM1gj might associate with an Ig# L chain. We also examined Ig# and IgM1gj protein 

expression by IHC using mAbs specific for either Ig# (mAb LK14), or for IgM1gj (mAb 

TG4) to visualize antibody-secreting cells in young and adult sharks (figure 4-1B). 

IgM1gj (detected by TG4) was secreted in the spleen of young, but not adult sharks, and at 

this stage the protein was localized to the same subcapsular regions as the IgM1gj-

expressing cells seen via in situ hybridization (figure 4-1). LK14 staining detected Ig#+ 

cells in the similar splenic locations as TG4+ IgM1gj, suggesting that IgM1gj likely 

associates with a # L chain at the protein level. Some of the nurse shark Ig# genes also 

have germline-joined V domains, and we predict that the # L chain associated with IgM1gj 

may be encoded by one of these pre-rearranged genes (discussed below), but regardless 

of the prearrangement or conventional rearrangement of the L chain, it is likely a # IgL 

that associates with IgM1gj. 

 

Purification and sequencing of IgM1gj and associated L chain 

 Although these in situ hybridization and IHC data suggest that there might be a 

particular L chain pairing (i.e. IgM1gj with # L chain (figure 4-1)), we wanted to confirm 

these associations by sequencing the proteins purified from shark sera. Additionally, by  
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Figure 4-1: IgM1gj  and IgL kappa expression in spleen 
(A) In situ hybridization of 8(m (non consecutive) sections of spleen tissue from a young shark (shark TH). 
Probes are specific for: IgM1gj (left), C2-domain of conventional IgM (middle), and Ig# light-chain (right). 
Images were taken at 10x magnification (100 µm scale bar marked in IgM1gj stain). Positive staining is 
purple. Negative controls with sense probes showed no staining (not shown). (B) Immunohistochemistry 
(IHC) staining of #+ IgM, detected with LK14 (left) or IgM1gj, detected with TG4 (right) in spleen tissue 
from a young (top, shark SN) or adult (bottom, shark G) shark. Images were taken at 10x magnification. 
Positive stain is in green. 
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purifying and sequencing individual L chains, we hoped to determine which specific 

genes (i.e. germline-joined or not) were paired with the various H chains, discussed in 

detail in Chapter 5.  

 In order to isolate serum Igs from young sharks (~ 1 week old), serum proteins 

were purified over a series of affinity columns. The mAbs CB5, LK14 or TG4 were 

coupled to protein G beads, which were used to prepare the columns. CB5 binds to all 

conventional IgM (19S and 7S) but not IgM1gj, LK14 is # L chain-specific, and TG4 

binds IgM1gj but not conventional IgM [173]. Although TG4 should be specific for only 

IgM1gj, both 19S IgM and IgM1gj were isolated during a preliminary round of 

purifications, in which neonatal serum was run directly over a TG4 column (figure 4-

3A). This 19S was likely non-specifically bound due to its high avidity, and therefore 

upon further purifications of both young and adult serum, a CB5 column was used first to 

purify 19S and 7S from sera and to function as a guard column for any “sticky” 19S IgM 

(figure 4-2). For these neonatal serum purifications, positive fractions from the initial 

CB5 column were run over an LK14 column to separate #+ IgM from #- IgM. The #- IgM 

presumably associates with another L chain isotype (', ", or "’). IgM1gj was isolated from 

the original CB5- flow-through by running it over a TG4 column (figure 4-2).  

Material from the previously mentioned preliminary round of serum Ig 

purification (neonatal serum directly over TG4 column) was run on a 5% SDS-PAGE gel 

and bands the size of either 19S IgM or IgM1gj were cut and run reduced on a 12% gel 

(figure 4-3A). When reduced, each of these bands yielded both H and L chain bands, and 

these bands were isolated then sequenced via MS by our collaborator David Avila at 

Roche. The MS results were compared with non-redundant databases of nurse shark H  
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Figure 4-2: Affinity column purification scheme for isolating serum Igs 
Plan to isolate IgM1gj and other serum Igs from neonatal serum.  Affinity columns used are shown in boxes, 
with specificity key listed in upper right.  All flowthrough material (affinity column-), which was to be run 
again on another column, was negatively selected twice over original column.   
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A 

 
 
B IgM heavy chain database - (band 1)  

Accession Cover
age # PSMs # Peptides # AAs MW [kDa] calc. pI Score 

IgM1gj  12751401 91.96 8 6 112 12.6 5.08 12.27 
IgM.G4C  112984888 65.31 8 6 98 11.0 5.36 20.17 
IgM.G4A  112984890 53.06 5 4 98 11.0 4.84 15.13 

IgM.G1.54S  47717217 36.46 2 2 96 10.7 8.46 3.80 
IgM.G4D 33.68 3 3 95 10.8 5.06 5.43 

IgM.G2A.1  77540224 31.63 3 3 98 11.0 4.75 5.76 
IgM.G5  112984885 27.55 3 2 98 10.8 5.01 8.13 

IgM.G4E  112984887 26.53 3 3 98 11.0 5.06 9.55 
 
C IgL database - (band 2)  

Accession Cover
age # PSMs # Peptides # AAs MW [kDa] calc. pI Score 

NS4.C11  555952 13.64 1 1 110 12.1 8.46 3.69 
NS4.C12  555989 13.51 2 1 111 12.0 5.25 4.63 

NS4.R4gj  262092510 11.01 1 1 109 11.8 6.54 0.00 

NS4.RE18gj  
288561777 

6.54 2 1 107 11.7 6.51 3.88 

 
 
Figure 4-3: MASS-SPEC sequencing of 19S IgM and IgM1gj from neonatal serum  
(A) 3 ml of neonatal shark serum was run over TG4 column, and eluted with 0.1 M glycine, pH 2.5. 
Positive fractions were pooled, concentrated and run non-reduced on a 5% SDS-PAGE gel.  Gels were 
dried and19S IgM and IgM1gj bands were cut and run reduced on a 12% gel.  Heavy and light chains from 
each sample (red boxes, IgM1gj box 1 and 2) were excised and sent for MASS-SPEC sequencing. IgM1gk 
heavy chain (red box 1, figure B) and light chain (red box 2, figure C), bands were sequenced and 
compared to non-redundant V-region databases. Sequencing results with number of peptides matched to 
each database sequence are shown in (B-C). Top three hits for each protein are boxed in double red lines.  
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and L chain sequences (V regions only). The results of IgM1gj H and L chain sequencing 

are discussed below and the 19S protein results are examined in Chapter 5.  

When the IgM1gj H chain was sequenced the number one hit was IgM1gj itself 

(figure 4-3B). IgM1gj-associated L chains matched most highly with Ig# genes, which, 

again, supports in situ hybridization and IHC data (figure 4-1). We had predicted that, 

since the H chain is germline-joined, the L chain associated with IgM1gj might also be 

expressed from a germline-joined gene. One of the top three genes was indeed a germline 

joined Ig#, NS4.R4gj, but the top two hits were for conventionally rearranging Ig# genes 

(NS4.C11 and NS4.C12) (figure 4-3C).  

There were few positive hits for some samples from this first round of protein 

sequencing, possibly because the amount of protein isolated from this initial purification 

was low, especially for IgM1gj and its associated L chain (figure 4-3A). Therefore we 

undertook another round of protein purifications as described in figure 4-2. For this set of 

purifications we used higher amounts of serum to start with, and removed the “sticky” 

19S IgM with a CB guard column before TG4 purification (as described in figure 4-2). 

The material from this round of purifications has been sent to the Avila lab for 

sequencing, and we are currently awaiting those results. These preliminary data suggest 

that the IgM1gj L chain is indeed an Ig#, and some of which may be germline-joined. 

 

Further characterization of purified serum Igs  

 During the second round of serum Ig purifications described above (figure 4-2), 

we obtained enough purified IgM1gj to visualize clearly on a 5% non-reduced gel. When 

this material was stained with Coomassie Blue, 5 distinct bands were seen in the CB5- 
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TG4+ fractions (figure 4-4A, boxes 4-8). These bands were excised and run reduced on 

silver stained, 12% gels. The size differences between 5/6 and 7/8 are clearly due to 

multimerization, but minor differences in molecular weight could be due to differences in 

glycosylation or perhaps association with J chain. The silver stain of each of these 

reduced bands showed an H and L chain band of the same size, showing that there are no 

major glycosylation differences between these types (figure 4-4B). We are currently 

producing J chain-specific antisera to use in Western blot analysis of the IgM1gj isoforms 

to test for the presence or absence of J chain association.  

The presence of multiple molecular weight species of IgM1gj in neonatal shark 

sera suggests that a portion of this isotype may be associated with J chain for 

multimerization, and that there may also be other post-translational modifications 

responsible for the more subtle size differences between the complete Igs (run under non-

reducing conditions). 

 

IgM1gj binding and specificity in murine cell-based assays 

In addition to finding the L chain that pairs with IgM1gj (figure 4-2, 3), and 

attempting to better understand the multimerization state of the molecule (figure 4-4), we 

wanted to examine possible self-antigens that bind to IgM1gj. Natural antibodies in 

mammals are often polyreactive and thought to function, in part, to aid in removal of 

apoptotic cells [56, 57]. Since many of these apoptotic markers, such as oxidized LDL 

and phosphocholine (PC) should be well conserved evolutionarily, we began by looking 

for binding of shark IgM1gj to common mammalian natural antibody antigens. Together  
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Figure 4-4: Analysis of multiple molecular weight IgMqgj species isolated from neonatal serum 
(A) IgM1gj (CB5-TG4+), #+ IgM (CB+LK14+), or #- IgM (CB+LK14-) purified from neonatal shark serum 
was concentrated and run non-reduced on a 5% SDS-PAGE gel. The gel was dried and each of the 
indicated bands (black boxes, red numbers, (B)) were excised and run reduced on a 12% gel (B). The 
reduced gel was silver stained to detect heavy and light chains from each of the excised IgM1gj bands along 
with purified 19S and 7S IgM (bands 1 and 2) as controls. Bands 3 and 9 have not been labeled as IgM1gj in 
the reduced, silver-stained gel. The H chain in reduced band 9 is the size of conventional IgM, therefore 
this band is likely non-specifically bound 19S IgM rather than true IgM1gj. Non-reduced band 3 is too small 
to be true IgM1gj, but based on the pattern of proteins seen when reduced, it may consist of IgH-L 
monomers.   
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with Gregg Silverman’s lab (at NYU), a protein/lipid/carbohydrate microarray was 

performed, in which common antigens recognized by mouse B1 cell-secreted antibodies 

or autoantibodies from SLE sera were imprinted in duplicate [56] and screened with sera 

from neonatal or adult sharks and detected with either IgM1gj-specific mAb, TG4 or anti-

kappa mAb, LK14. TG4 recognized IgM1gj bound to the extracellular matrix protein 

laminin very strongly (figure 4-5A). ELISAs with neonatal sera and TG4 or LK14 

detection confirmed this laminin binding (data not shown).  

In addition to the microarray, mouse apoptotic thymocytes [56] were incubated 

with neonatal or adult shark serum and binding was detected by FACS with the IgM1gj-

specific mAb, TG4, and an anti-mouse # secondary (figure 4-5B). TG4 detected bound 

IgM1gj from the neonatal but not adult serum. This binding could be blocked with soluble 

laminin, but other conventional targets of natural antibodies in mammals, such as ssDNA, 

malondialdehyde-modified low-density lipoprotein (MDA-LDL), or PC did not block 

binding.  

In summary, there is evidence that IgM1gj may have specificity to conserved self-

motifs such as apoptotic cell-associated factors or extracellular matrix proteins, such as 

laminin.  

 

In vivo, IgM1gj localizes to unique structures within the gill and thymic regions of a young 

nurse shark  

Since the microarray and apoptotic cell studies described above (figure 4-5) were 

done in artificial systems and with mammalian material, we also wanted to test for IgM1gj 

bound in unmanipulated shark tissue, in vivo. Frozen tissue sections from neonatal sharks  
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A 

 
B 

 
 
 

Figure 4-5: IgM1gj binding and specificity in murine cellular assays 
(A) Protein microarray slides were spotted with mammalian natural IgM-specific antigens as described in 
[56, 60]. Slides were incubated with or without neonatal serum and detected with either TG4 or LK14. 
Results of binding to some select antigens are shown in right panel of (A). (B) Apoptotic thymocytes were 
stained with Annexin V along with neonatal or adult nurse shark serum, detected with TG4 (anti-IgM1gj). 
Right-hand panel shows binding of neonatal Ig to apoptotic cells in the presence or various antigens.  
 
  

(PS, see below), we will perform western blots to determine whether there are novel proteins recognized by the 
antibody.  I doubt whether this would work as the antigens recognized on apoptotic bodies are often oxidation 
products or modified in some other way (24), and we will think of more sophisticated analyses depending on 
the results with apoptotic bodies from other species, especially from the shark cells.  We predict that IgM1gj 
will bind to all apoptotic cell types, recognizing some evolutionarily conserved ligand (see conclusion).  

Dr. Silverman has developed a microarray analysis in which he has spotted ligands recognized by mouse B1-
like antibodies as well as common antigens recognized by sera from SLE patients (1).  After the apoptosis 
experiments, we predicted that 1gj would recognize some of the common antigens seen by other early 
antibodies (e.g. the T15 antibody), like PC, malondialdehyde (MDA), phosphatidylserine (PS), etc, but it saw 
none of these.  The strongest signal came from laminin, a molecule found in the extracellular matrix of certain 
tissues, like muscle and nervous system endothelia ((58) and known as the  “Jesus Molecule” on the internet, 
perhaps consistent with my previous desire to become a priest).  Soluble laminin also partially blocked the 
binding of 1gj to the apoptotic cells (not shown, note that thymocytes do not express laminin), but of course this 
is not surprising, considering the high reactivity on the microarray. Laminin has had a long history of study in 
the field of autoimmunity, especially associated with endothelial damage (59).  It is not difficult to partially purify 
laminin from muscle tissue (58), and as a first step in our further analysis, we plan to test for 1gj reactivity on 
such material from sharks by ELISA and western blotting.  

 

In all of these binding studies, it is possible that the combining site is not binding, but rather the Fc.  Once the L 
chain is identified, we will develop Fabs to ensure that the CDRs are most important (note that we may have to 
generate Fabs for the crystal structure analysis above.)  Of course, if the 1gj Fc bound specifically to 
interesting structures that would also be worth study (but not really in keeping with the spirit of the proposal).  

If we hypothesize that 1gj is important for homeostasis, it should be bound to particular tissues in the shark, 
perhaps especially during early life.  Because we produced the mAb TG4 specific for 1gj, we plan to simply 
stain frozen sections of all tissues with TG4.  If the laminin result holds true for the shark ortholog as well, one 
might expect staining along certain endothelia and skeletal muscle, but of course we are open to surprises.  To 
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we will be able to obtain a crystal structure of the entire molecule.  If not, we will prepare Fabs, either through 
cloning or treatment with papain (although, without a hinge, it may not be possible to cleave the Fab away from 
the Fc.) Additionally, the canonical cysteine in CH1 found in almost all vertebrates H chains that bonds to L 
chains is not present, despite the fact that we have shown biochemically that the 1gj H and L chains are 
covalently associated (16).  There are two other cysteines in the IgH CH1 domain that could be involved in the 
L chain association, but modeling predicts their side chains to point outwards.  My guess is that this antibody is 
quite unusual in both its binding site and its C regions, probably related to its unique effector function.  We plan 
to do this work with our long-time collaborators Robyn Stanfield and Ian Wilson, with whom we resolved the 
IgNAR structures (ref 2 and letter enclosed (50;52;56)).  

Search for a transmembrane region (TMR).  1gj has only been found in a secretory form so far. We have 
isolated BAC clones for all of the IgM clusters, and each of them, except the 1gj-specific clones, hybridize to a 
TM probe (Fig 3); obviously, this is not definitive since, by bad luck, the 1gj TM exons might be located far from 
the Ig domain exons.  Additionally, extensive screening of cDNAs from neonatal spleen and epigonal libraries 
have yielded only 1gj secretory clones.  Thus, we predict that the 1gj TMR was lost over evolutionary time, 
similar to the loss of the CH2 domain exon, and that the early wave of plasma cells is programmed to move 
directly to secretion after stimulation of precursors, perhaps through PRRs specific for some ethereal self 
molecule(s).  The TMR of IgH is the most highly conserved region of antigen receptors in vertebrate evolution 
(57), and it is unique and unusual as well in not having an ionic bond to associate with the ITAM-containing Ig

 signaling molecules.  We have made TMR degenerate primers to use in conjunction with 1gj-specific 
primers to determine whether a TM transcript can be detected.  Thus far, the TMR primer has been shown to 
amplify fragments from Igs tested in shark and likely will amplify TMR transcripts from any vertebrate species, 
but we have been unsuccessful in amplifying 1gj TMR transcripts.  It is possible that we have missed the 
window when surface-1gj “naïve” B cells are present in younger animals (embryos). Thus, we will attempt to 
isolate the earliest B cells from embryos, which could be obtained from pregnant nurse shark mothers early in 
gestation (obtained in September); such material would be useful for other reasons as well, especially in the 
search for specificity (see below).  Finally, existing BAC filters will be screened with our TMR probe, which 
hybridizes not only to the IgM TMR, but should also hybridize to the TMRs of IgNAR and IgW.  We previously 
screened with probes to the other isotypes, so we can ignore all the clones that hybridized to those probes and 
isolate the “orphan” TMR clones; there should be very few of such clones unaccounted for.  At the same time, 
we will make a walking probe from the 1gj BAC and screen the library to obtain adjacent clones.  Our guess is 
that there is no TMR to be found for the IgM1gj gene, and differentiation to the plasma cell stage is achieved 
by an unusual mechanism. 

What is the antigen specificity of IgM1gj?  In collaboration with Dr. Gregg 
Silverman at NYU (letter enclosed), we began to look at the specificity of 
the neonatal antibody, in two ways: 1) binding to apoptotic cells (mouse 
thymocytes) and 2) attempting to find ligands.  Apoptotic thymocytes were 
generated by treatment with etoposide and conventional “B1-derived” 
antibodies were used known to interact with such cells (1).  1gj bound like 
gangbusters to the apoptotic cells. Since the mAb TG4 is specific for only 
1gj, we can be sure that there was no cross-reaction with other shark 
antibodies.  This is not the only shark antibody that binds apoptotic cells, as 
others detected by the generic anti-shark IgM LK14 bound as well.  To 
study this further, we plan to determine whether this 1gj reactivity is generic, 
i.e. specific to any apoptotic cell, and also whether it is species specific; the 
procedure for generating apoptotic thymocytes is suitable for any 
gnathostome, at least for Xenopus and nurse shark.  Since 1gj does not 
appear to bind to the common apoptotic antigens like phosphatidylserine 

!"#$%&'()'*#+,#-'%&./#0"1&2'3/$2&'45/56/6".'6783/.86&2)!"#$#%$%&'!'())*!+,-!
.(/(!&0'123%(4!.&%5!0($03%3)!$/!341)%!*(/16!304!%5(0!'$10%(/*%3&0(4!.&%5!%5(!
6"2!789:!*#('&;&'!;$/!<=>,=?@!!A%5(/!(B#(/&6(0%*!+0$%!*5$.0-!4(6$0*%/3%(4!%53%!
$%5(/!*53/C!<=*!;/$6!%5(!4&D(/*(!#$$)!3)*$!.(/(!#$*&%&D(:!21%!5(/(!.(!*5$.!%53%!
%5(!*&0=)(!*53/C!30%&2$4E!/('$=0&F(*!%5(!'())*@!!A%5(/!(B#%*!+0$%!*5$.0-!
4(6$0*%/3%(4!%53%!)&D(!%5E6$'E%(*!.(/(!0$%!/('$=0&F(4@!

Research Strategy                                                                                             Page 33

Principal Investigator/Program Director (Last, first, middle): Flajnik, Martin, F.



 
 

96 

were stained with the IgM1gj-specific mAb, TG4. As controls, either kappa-specific 

LK14, or a mixture of two mAbs, CB5 and CB16, which are specific for physiological 

binding of IgM1gj in shark tissue. Evidence of binding in vivo, might give insight into the 

potential function of IgM1gj in neonatal animals. CB5 and CB16 were used to detect 

regions where conventional IgM but not IgM1gj was bound. LK14 will detect the majority 

of both conventional IgM and IgM1gj. Binding of these mAbs was visualized with an anti-

mouse Ig-FITC secondary. We found TG4-specific staining of unique regions in the gill 

(figure 4-6A). Based on the known structure of shark gills, this TG4+ area is likely made 

up of endothelial pillar cells, which surround channels involved in gas exchange (figure 

4-7).  

Since IgM1gj binds to apoptotic mouse cells (figure 4-5), we also examined 

binding in the shark thymus and spiral valve (the shark small intestine), where naturally 

occurring apoptotic cells may be found. No TG4-specific staining was seen in either 

tissue (spiral valve data not shown). While there was no TG4 staining in the actual lobes 

of the thymus, a region of tissue nearby did stain brightly for TG4 but not with 

conventional IgM-specific CB mAbs (figure 4-6B, C). We believe that this structure may 

be either a blood vessel or region of cartilage/connective tissue important in the general 

organization of this tissue.  

Clearly, IgM1gj is specifically bound to multiple shark tissues early in 

development, and characterization of these unusual tissue localizations could lead to a 

better understanding of the function of IgM1gj in vivo. 
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Figure 4-6: IgM1gj localizes to unique structures within the gill and thymic regions of a young nurse 
shark 
H&E (left column) or IHC stains of 8(m sections of OCT frozen tissue from neonatal nurse shark gill (A) 
or thymic tissues (B and C). No preincubation with sera was performed, so mAbs in the three right-hand 
panels detect naturally bound tissue Igs. IgKappa-specific LK14 monoclonal supernatant was used at 1:200, 
IgM1gj-specific TG4 and conventional IgM-specific CB5 were used at 1:50. An anti-muIg-FITC secondary 
was used to detect staining of mAbs. All photographs were taken at 10x magnification.  Yellow arrows 
signify regions of tissue bound by TG4 (and LK14), but not CB5.  
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Figure 4-7: Shark gill architecture 
Diagrams illustrating architecture of a shark gill arch (A) and transverse sections through individual 
lamellae shown by SEM (B) and illustration (C). The interior channels in each lamellae are surrounded by 
pillar cells (B and C).  Labels in (B) indicate blood space (bs) and pillar cells (p). Figures reproduced with 
permission from [201]. 
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Discussion 

IgM1gj -secreting cells make-up a unique lineage of early plasma cells, based on 

expression of the invariant H-chain gene [173]. Like mammalian B1 cells, these innate-

like secretors are found at high levels in neonatal sharks. We also found that, similar to 

natural antibodies in mammals, the invariant IgM1gj is able to bind both apoptotic cells 

and components of the extracellular matrix, in vitro. We have also identified unique 

structures in the gill and thymic regions of young sharks, which are bound by secreted 

IgM1gj, but not conventional IgM. In addition to the binding studies, as mentioned above, 

we are currently working to determine exactly which L chain pairs with IgM1gj, and 

whether it, too, is invariant. Once the L chain is found, it will be possible to express a 

recombinant version of IgM1gj for use in additional binding and structural studies. For 

example, recombinant IgM1gj could be used to determine the crystal structure of this 

molecule. Additionally, by using an affinity-tagged recombinant protein, we may be able 

to determine the natural antigens for IgM1gj, which could potentially lead to insights into 

its in vivo functions. 

Presumably the unique developmental expression and evolutionary maintenance 

of such a molecule suggests that it has important functions during shark development. 

The localization of IgM1gj in the gill suggests that it could be playing a role in early 

vascular homeostasis in these animals. If the other structure bound by IgM1gj near the 

thymus also consists of vascular tissue, the binding to that tissue would support such a 

function as well. It is unclear, however, which portion of the molecule is actually 

responsible for the binding to these tissues. The invariant V-domain, itself, could be 

binding directly (see “protection” model in figure 4-8); either to some extracellular 
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matrix molecule such as laminin (figure 4-5A), or to apoptotic cells in the developing 

tissues (figure 4-5B). This type of binding could, for example, be important for 

protecting developing tissue. Alternatively, the Fc region of IgM1gj might be responsible 

for the tissue binding. If the tissue binding is Fc-mediated, the V-domains likely remain 

exposed to the interior of the blood vessels (see “surveillance” model in figure 4-8). This 

latter orientation would allow for binding to cells or other molecules traveling through 

the bloodstream. This might allow for removal of apoptotic cells from the bloodstream. 

These studies may shed light not only on the function of early antibodies in sharks, but 

could potentially provide insight into the function of mammalian natural antibodies.  
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Figure 4-8: Potential models of IgM1gj binding to tissue 
Illustration of binding of IgM1gj to the interior of blood vessels via either the V-domains (left) or Fc-region 
(right). 
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Chapter 5: Characterization of other early antibodies in the nurse shark 
 

Introduction 

As discussed in Chapter 4, IgM1gj is an important early antibody in nurse sharks. 

We were also interested in the expression of other “conventional” Igs expressed early in 

development, which are predominantly 19S, pentameric IgM. Mammals also secrete a 

pentameric IgM (sIgM) from non-class switched plasma cells, and in mice, 

approximately half of this sIgM is polyreactive “natural” IgM. Natural IgM is thought to 

function, in part, to aid in the removal of apoptotic cells and is produced predominantly 

by B1 cells [45, 202], which arise early in development [44]. These cells can secrete Ig 

without prior antigen encounter or T cell help [88].  

Despite the physiological importance of this B1-cell derived natural IgM in 

mammals, the phenotype of B1 cells in humans has only recently been characterized, and 

is still considered controversial [21]. Therefore, by studying potential B1-like cells in 

cartilaginous fish, we hope to gain insight into general, evolutionarily conserved roles of 

innate-like B cells. We sought to examine early-expressed IgM in nurse sharks for clues 

that it might be derived from an “innate-like” B cell lineage, similar to B1 cells. If 

neonatal nurse shark IgM is produced by a different lineage of B cell than adult IgM, we 

predict there will be differences in Ig gene usage and tissue localization of plasma cells in 

young vs. adult animals.  

The main aim of this arm of the project, therefore, was the comparison of early-

expressed Ig secreted from plasma cells found in neonatal sharks with adult IgM. This 

analysis included an examination of the localization of Ig-secreting cells throughout 

development. Based on the ontogenic appearance of 19S and 7S IgM in plasma, we 



 
 

103 

predicted that all secretory cells in neonates would express the J chain, followed by 

distinct subsets of J chain+ and J chain- cells in adulthood. We also hypothesized that, like 

mammalian B1-derrived IgM, there might be a gene-usage bias in early IgM-secreting 

cells. We therefore examined the expression of specific Ig-H and –L chain genes 

throughout development using a combination of sequence analysis of secretory IgM 

cDNA sequences, in situ hybridization, and MS sequencing of proteins purified from 

young nurse shark sera.  
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Results  

H-chain preference early in development 

 We hypothesized that the early IgM (C2 domain+) cells seen in the two young 

animals (figure 3-1C, D) may represent a first wave of early, rearranged, 19S IgM 

secreting plasma cells in the nurse shark. If the Ig secreted from these early cells is 

similar to “natural” IgM in mammals, we might expect differences in Ig gene usage in 

this early IgM when compared to the IgM expressed in adults. 

Shark spleen RNA from either adult or neonatal (5 day old) animals along with 

material from a neonatal spleen cDNA library [173] were used to amplify IgM message 

to look for possible differences in H chain expression. Since we wanted to examine only 

the secreted IgM produced by plasma cells, and not B cell-expressed TM IgM, we made 

cDNA with a primer specific for the secretory tail of IgM. This cDNA was then amplified 

using degenerate PCR primers capable of amplifying all 10 nurse shark IgM V genes. 

Expressed IgM V regions were sequenced and classified into one of the 5 IgM groups 

based on previously published sequences [180, 181] (figure 5-1, 1-6). The majority of 

secreted IgM from the adult spleen was encoded by either Group 2 or Group 4 IgM genes 

(13/29, figure 5-1). Several sequences from this animal (9/29) were too highly mutated to 

classify with certainty which group they belonged, and were therefore listed as 

“unknown.” In contrast, very few Group 2 sequences were found from either the young 

shark or the neonatal spleen library (1/58), suggesting that Group 2 IgM is not highly 

represented in young animals. Group 2 IgMs were highly expressed in the mature 

animals, suggesting that group 2 may comprise much of the adult secreted 7S IgM. Most 

of the neonatal sequences were of Group 4 (45/58), similar to what was expressed in  
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Figure 5-1:  IgM sequences and CDR3 lengths in neonatal or adult spleen and epigonal tissue 
Number (A) and percentage (B) of secreted IgM sequences detected from adult spleen or epigonal and 
neonatal spleen, epigonal or cDNA library [180]. IgM classified by group except for Group 4D which is 
separated by gene. (C) Examples of CDR3 sequences from secreted IgM G4D in neonatal (T, black) or 
adult (W, red) epigonal tissue. V and J segments are marked.  (D) Quantification of CDR3 length in 
secreted IgM, by amino acid number from neonatal or adult tissue. G4D sequences from adult epigonal are 
separated from all other adult IgM detected in the spleen. (*) signifies p value < 0.05. 
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adult, but when analyzed by the specific gene rather than whole group, a much higher 

proportion of Group 4D (G4D) sequences were found in neonates (27.6% in neonate vs. 

0% in adult). We cannot distinguish if these IgM sequences originate from 7S- or 19S-

secreting cells. Since the majority of IgM in the blood of young animals is 19S IgM, and 

since J chain is expressed highly in the spleen of young animals, we predict that the 

sequences from the young animal are predominantly 19S IgM. Therefore IgM-G4D likely 

composes a large portion of early, pentameric IgM secreted from splenic plasma cells.  

G4D sequences were also found in the epigonal tissue at roughly the same ratios 

as in spleen (31%) in neonatal sharks. While G4D was not detected in the adult spleen, it 

was found in cDNA from adult epigonal tissue at a relatively high ratio (3/15 or 20%) 

(figure 5-1). Since IgM1gj-secreting cells are maintained in epigonal tissue of adult sharks 

[173], we hypothesize that these other splenic early G4D-expressing 19S IgM cells (C2 

domain+, figure 3-1) may follow a similar developmental path, and be maintained long-

term in the epigonal of adult sharks.  

When CDR3 lengths of adult G4D sequences from epigonal tissue were compared 

to CDR3s from total adult and neonatal Igs, the G4D sequences encoded significantly 

fewer amino acids in their CDR3s than conventional, splenic adult IgMs (figure 5-1C-

D). These adult G4D sequences more closely resembled neonatal CDR3s in size. The 

absence of long CDR3s in adult epigonal G4D sequences also suggests that these cells 

developed early in ontogeny and are being maintained in the epigonal into adulthood. As 

mentioned, many of the secreted IgM sequences from adult spleen contained mutations; 

in some cases, enough to make it difficult to determine the original IgM gene used. 

Neonatal Ig contains far fewer mutations ([180] and data not shown), so it would also be 



 
 

107 

interesting to examine whether or not the epigonal G4D sequences from adult sharks 

show a mutation pattern more similar to adult or neonatal Ig.  

In summary, IgM gene G4D is preferentially expressed early in development, but 

also maintained in adult epigonal tissue. The CDR3 lengths of IgM G4D in epigonal are 

short and more similar in length to neonatal Ig, than adult Ig, suggesting that they arose 

early in development and are maintained long term in the epigonal. 

 

Expression of L chain "’ early in development  

Due to this high expression of a unique IgM H-chain gene (G4D) early in 

development (figure 5-1), we also sought to examine L-chains for preferential expression 

in young animals. To study L-chain expression during these early developmental time 

points, we performed in situ hybridization on shark spleen tissue from sharks of various 

ages, using riboprobes specific for different L-chain isotypes. Only data from "’ and # L 

chains are shown since the expression of both ' and " was very low in all samples tested.  

We find that, as previously noted, the vast majority of L-chains expressed in adult 

IgM secreting cells are Ig#+, with very little "’ L-chain expression (figure 5-2C). In a 1-3 

month old animal, however, we also find a considerable amount of "’ L-chain expression 

in addition to the high levels of Ig# (figure 5-2B). "’ L chain was also expressed in the 

spleen of a 5 day old animal, but at this age it appeared to be localized to red pulp regions 

and excluded from splenic sub-capsular areas (figure 5-2A). This expression pattern is 

similar to the red pulp localization of early conventional (C2+) IgM in neonatal spleens 

(figure 3-1C).  Based on this general localization, the early, first wave of rearranged  
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Figure 5-2: Expression of "’ or ! light-chains throughout development 
In situ hybridization of 8(m (non consecutive) sections of spleen tissue from three sharks ages: 5 days 
(shark TH) (A), 1-3 months (shark LA) (B), and adult (shark E) (C). Probes are specific for: C2-domain of 
conventional IgM (left), Ig"’ light-chain (middle), and Ig# light-chain (right). (A and B) were taken at 10x 
magnification (100 µm scale bar shown in panel A). Images in panel (C) were taken at 4x magnification. 
Positive staining is purple. Negative controls with sense probes showed no staining (not shown). 
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(C2+) IgM H chains (G4D+?) in young nurse sharks might preferentially associate with 

the unique L chain, "’. Both G4D and "’ are expressed at low levels in the adult animal.  

 

Expression of H- and L-chains in neonatal epigonal tissue  

We also examined epigonal tissue from the same 5 day-old nurse shark (shark 

TH) as tested above (figure 3-1, 5-2). Although there was noticeable expression 

conventional IgM (C2 domain+) and "’ L chain staining in the spleen of this animal 

(figure 3-1, 5-2), we found very little expression of either transcript in the epigonal 

(figure 5-3). Conventional IgM was expressed at high levels in epigonal tissue from 

adults, however (data shown in chapter 3, figure 3-8). Based on the expression of C2+ 

IgM and "’ in the spleen at an earlier developmental stage than it is seen in the epigonal 

we hypothesize that B cells develop in the epigonal (primary lymphoid tissue) but first 

appear as Ig-secreting plasma cells in the spleen, and at a later time, a portion of these 

secreting cells traffic back to the epigonal for secretion in that tissue. As previously 

described, while IgM1gj is not found in the spleen of adult sharks, it is still expressed in 

adult epigonal cells[173]therefore, like IgM1gj, other early Ig-secreting cells may reside 

long term in epigonal tissue as well. As described in more detail in chapter 3, they may 

also traffic through the blood and back to the epigonal throughout adulthood.  

 

Purification and sequencing of early Igs from shark sera 

 Although these in situ hybridization, IHC, and cDNA studies suggest that there 

may be particular H chain preferences (G4D early, figure 5-1) or L chain pairings (i.e. "’  
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Figure 5-3: Neonatal epigonal expression of heavy and light chains 
In situ hybridization of 8(m (non consecutive) sections of epigonal tissue from a 5 day-old (shark TH). 
Probes are specific for: C2-domain of conventional IgM (upper left), IgM1gj (upper right), Ig# light-chain 
(lower left) and Ig"’ light-chain (lower right). (A and B) were taken at 10x magnification (100 µm scale bar 
shown in panel A). All images were taken at 10x magnification. Positive staining is purple. Negative 
controls with sense probes showed no staining (not shown). 
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with early 19S (figure 5-2)), we wanted to confirm these associations by sequencing the 

proteins purified from shark sera, as described in Chapter 4 for IgM1gj and its L chain.  

 The experimental plan for purifying early 19S IgM over a series of affinity 

columns is similar to the schematic shown in Chapter 4 (figure 4-2). For this purification, 

however, we isolated serum Igs from adult nurse sharks in addition to the neonatal 19S 

IgM. Specifically, while some early 19S was non-specifically bound to the TG4 column 

due to its high avidity, upon further purifications, a CB5 column was used first to purify 

19S and 7S from sera and to function as a guard column for any “sticky” 19S IgM 

(figure 5-4). For neonatal serum purifications, positive fractions from the initial CB5 

column were run over an LK14 column to separate #+ IgM from #- IgM. The #- IgM 

presumably associates with another L chain isotype (', ", or "’). Adult CB5+ fractions 

were treated the same way as the neonatal fractions, but the CB5- flow-through from the 

adult was also run over a LK14 column, rather than TG4 (figure 5-4). By running the 

CB5- serum over the LK14 column, we were also able to purify #+ non-IgM Ig (likely 

IgW) from adult sera. 

As described in Chapter 4, material from the preliminary round of serum Ig 

purification (neonatal serum directly over TG4 column) was run on a 5% SDS-PAGE gel 

and bands the size of either 19S IgM or IgM1gj were cut and run reduced on a 12% gel 

(figure 5-5A). When reduced, each of these bands yielded both H- and L-chain bands, 

and these bands were isolated then sequenced via mass spectrometry (MS) by our 

collaborator David Avila at Roche. The MS results were compared with non-redundant 

databases of nurse shark H and L chain sequences (V regions only). 
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Figure 5-4: Affinity column purification scheme for isolating serum Igs 
Plan to isolate IgM1gj and other serum Igs from neonatal or adult serum.  Affinity columns used are shown 
in boxes, with specificity key listed in upper right.  All flowthrough material (affinity column-), which was 
to be run again on another column was negatively selected twice over original column.   
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A 

 
B IgM heavy chain database  (band 1, 19S) 

Accession Coverage # PSMs # Peptides # AAs MW [kDa] calc. pI Score 

IgM.G4A  112984890 96.94 37 7 98 11.0 4.84 126.98 
IgM.G4C  112984888 96.94 43 10 98 11.0 5.36 174.16 

IgM.G4D 85.26 25 8 95 10.8 5.06 106.12 

IgM.G4E  112984887 67.35 22 7 98 11.0 5.06 91.16 
IgM.G3.57S  47717222 60.82 9 4 97 10.7 6.51 35.66 
IgM.G1.54S  47717217 33.33 11 3 96 10.7 8.46 61.73 
IgM.G5.21.V  213265 12.50 3 1 96 10.7 5.96 8.61 

IgM1gj  12751401 9.82 1 1 112 12.6 5.08 4.25 

C IgL database (band 2, 19S) 
Accession Coverage # PSMs # Peptides # AAs MW [kDa] calc. pI Score 

SIGMA.119.29A  
134148255 

60.77 13 6 130 14.2 7.27 14.34 

NS5.48  54402046 51.72 25 6 116 12.9 7.21 31.38 
NS5.2  54402042 51.72 20 5 116 13.0 5.38 23.96 

NS3.12 40.71 5 4 113 12.0 7.28 4.09 
NS3.8 34.48 5 5 116 12.5 8.84 9.05 

NS4.R4gj  262092510 31.19 9 4 109 11.8 6.54 5.30 
NS4.E10 22.92 6 2 96 10.4 4.73 3.45 
NS3.23 21.82 3 2 110 11.6 7.96 1.97 

NS4.R18gj 288561775 20.56 7 2 107 11.7 7.94 3.45 
NS4.R7gj  262092512 20.18 7 3 109 11.8 4.96 6.05 

NS4.C18  557706 19.82 13 4 111 12.1 8.46 12.63 
NS4.C12  555989 19.82 12 2 111 12.0 5.25 11.02 

NS4.C16 19.47 25 3 113 12.3 8.85 9.88 
NS4.E1 15.63 2 1 96 10.2 4.55 2.35 

NS4.R20  298162259 14.56 2 1 103 11.4 4.72 0.00 
NS4.B11A  557708 13.51 6 2 111 12.4 9.13 3.45 

 
Figure 5-5: MASS-SPEC sequencing of 19S IgM from neonatal serum  
(A) 3 ml of neonatal shark serum was run over TG4 column. Positive fractions run non-reduced on a 5% 
SDS-PAGE gel.  Gels were dried and19S IgM bands were cut and run reduced on a 12% gel.  Heavy and 
light chains from each sample (red boxes, 19S box 1 and 2) were excised and sent for MASS-SPEC 
sequencing.  19S heavy chain (red box 1, figure B) and light chain (red box 2, figure C) bands were 
sequenced and compared to non-redundant V-region databases. Sequencing results with number of peptides 
matched to each database sequence are shown in (B-C). Top three hits for each protein are boxed in double 
red lines.  
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During this initial round of MS sequencing, the top three database hits from the 

neonatal 19S IgM H chain protein were IgM-G4A, Ig- G4C, and IgM-G4D (figure 5-

5B). The prevalence of group 4 IgM sequences in young sharks correlates with the 

sequences obtained from neonatal spleen cDNA (figure 5-1). Based on these cDNA 

sequences, we predicted that a high proportion of early 19S IgM would utilize the IgM-

G4D gene, and indeed IgM-G4D sequences were found at high levels in serum protein 

from young nurse sharks. Sequencing of the 19S-associated L chain from this purification 

resulted in high matches with L chain genes " (119), or "’ (NS5.48 and NS5.2) (figure 5-

5C). This high level of " and "’ expression was of note because, while in general, Ig# is 

the most prevalent L chain used in the nurse shark, and contains the highest number of 

genes, we predicted from in situ hybridization data (figure 5-2) that "’ would be 

associated at a high level with early 19S IgM.  

The second round of protein purifications as described in figure 5-4 included 

adult serum, in order to compare the “early 19S” (containing high levels of G4D and " 

and "’ L chains, figure 5-5B and C) with adult 19S and 7S, which we predict will have 

less G4D and unusual L chain expression. The material from this round of purifications 

has been sent to the Avila lab for sequencing, and we are currently awaiting those results.  

In summary, preliminary results suggest that unlike IgM1gj and the majority of 

adult IgM, the predominant L chains associated with early 19S IgM is " or "’. These 

protein-sequencing results confirmed our in situ hybridization data that early 19S IgM 

may associate with an unusual light chain. Additionally, the protein for IgM G4D, which 

was predicted to be expressed early, was also found in 19S samples from young animals.  

 



 
 

115 

Further characterization of neonatal serum Igs  

  When we examined one of the serum purifications, Ig#+ IgM (CB+ LK14+), three 

distinct bands were seen on the non-reduced gel (figure 5-6A, box 1-3). In addition to the 

expected 19S and 7S IgM, there was also a low molecular weight band, approximately 

the size of mammalian IgG (or IgM1gj) (figure 5-6A, box 1). All three of these bands, 

including the low molecular weight species reduced down to H and L chains (figure 5-

6B, lanes 1-3). Therefore the low molecular weight band is a form of #+ IgM, but likely 

not IgM1gj, although it is the same size, since IgM1gj is not recognized by CB5. 

Additionally, the neonatal #- IgM (CB+ LK14-) (figure 5-6A, box 4-5) appeared to 

contain a band at approximate 19S and 7S IgM sizes. This was somewhat surprising, 

since we predicted that based on in situ hybridization and MS data (figure 5-2, 5), in the 

young animal, the non-# IgM would likely be associated with only 19S IgM. When these 

bands were run reduced and silver-stained, H chains are found only from the 19S and not 

the “7S” band (figure 5-6B, lanes 4-5). Therefore the lower band is not true 7S IgM, and 

the only true #- IgM is pentameric, 19S IgM, as predicted.  

In summary, the majority of non-#-associated IgM is 19S, and there is little non-# 

7S IgM present in young shark sera. Also, we may have identified another unique IgM, 

with a molecular weight similar to IgM1gj, which is expressed early in development.  
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Figure 5-6: Analysis of multiple molecular weight IgM species isolated from neonatal serum 
(A) IgM1gj (CB5-TG4+), #+ IgM (CB+LK14+), or #- IgM (CB+LK14-) purified from neonatal shark serum 
was concentrated and run non-reduced on a 5% SDS-PAGE gel. The gel was dried and each of the 
indicated bands (black boxes, red numbers) were excised and run reduced on a 12% gel (B). The reduced 
gel was silver stained to detect heavy and light chains from each of the excised  (B) IgM # + or – bands. 
Molecular weight markers are indicated in the left lane of each gel.  
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Discussion 

In these studies we have found unique expression of at least one conventional H 

chain gene (IgM G4D) and a class of L chain genes ("/"’) in addition to IgM1gj, early in 

development. Since J chain is expressed in the majority of Ig-secreting cells early in 

development, we predicted that the G4D+ and "/"’+ IgM would be predominantly 

pentameric, 19S IgM (confirmed by preliminary MS sequencing of early 19S IgM 

(figure 5-5)). There is also a considerable amount of 19S IgM found in adult animals, but 

the G4D+ and "/"’+ populations are not prevalent in either adult blood or spleen tissue. 

Therefore neonatal 19S IgM is distinct from adult 19S IgM based on H and L chain gene 

usage.  

It is possible that although they do not share this particular gene usage bias, both 

neonatal and adult 19S IgM are produced from “innate-like” B cell lineages, similar to 

B1a and B1b lineages in mammals. Alternatively, perhaps only the secreting cells of 

young animals (either early 19S or IgM1gj-producers) arise from true innate lineages, and 

both adult 19S- and 7S-secretors are produced by the same, more adaptive, lineage. As 

discussed in Chapter 3, the transcriptional profile of adult 19S-secreting cells is more 

similar to neonatal plasma cells than adult 7S-secretors. We therefore think the former 

scenario is more likely to be true.  

Ideally, evidence for separate lineages of cells secreting 19S and 7S IgM would 

include analysis of the Ig repertoire of these two cell types. Attempts to address 

separation of 19S- and 7S-secretors for such studies are addressed in Chapter 6.  
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Chapter 6: Attempts at isolation of 19S and 7S IgM-secreting cells 

 

Introduction 

One of the initial goals of this project was to determine whether 19S- and 7S-

secreting cells arise from the same or different lineage of B cells. Evidence for separate 

lineages would likely include a variety of sequence signature and transcriptional 

expression differences between the two cell types. Since the majority of cells in young 

animals are 19S-secretors we have attempted to address some differences between the 

cell types by studying sharks at different developmental time-points (Chapter 5), and by 

examining difference in transcriptional profiles of 19S and 7S cells (Chapter 3).  

To truly address the issue of shark B cell lineages, we would like to examine the 

CDR3 signatures and mutational patterns of the repertoire of Ig secreted from both cell 

types. If 19S and 7S IgM arise from completely different types of cells, and especially if 

19S cells are more innate-like cells similar to mammalian B1 cells, we would expect that 

there would be differences in their specificities, which should be reflected in the CDR3 

lengths and compositions. For example, there could be a difference in the number of N-

nucleotide additions between the two cell types. We would predict that early secreted 19S 

has fewer N additions, shorter CDR3s, and fewer mutations (figure 5-1 and [180] and 

that adult 7S would likely contain higher levels of mutation and N region additions, 

leading to longer CDR3 regions. Since adult 19S IgM does not respond specifically to 

antigen challenge [190] it seems unlikely that it would contain high levels of mutation. It 

is unclear, however, whether this 19S IgM, which presumably differentiates later in life, 

would be more similar to adult 7S and contain long CDR3 regions or continue to develop 
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like early 19S with short CDR3s. The latter situation would be more indicative of 

separate lineages.  

To examine these and other characteristics in the two types of plasma cells, we 

must first separate 19S- from 7S-secreting cells. And, in order to examine expression of 

transcription factors and other elements in addition to IgM repertoire, we also need to 

obtain intact RNA. In this chapter, various attempts at isolating 19S and 7S plasma cell 

populations for such analyses are discussed.   
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Results  

Separation of 19S and 7S IgM: in situ hybridization 

The IgM repertoire could be used to definitively determine if the 19S and 7S 

forms of IgM are secreted from the same or different lineages of B cells. Differences in 

CDR3 length, the presence or absence of N-region additions and other sequence 

characteristics are suggestive of distinct cell types. In order to examine the repertoire, 

however, the two cell types must be separated from each other in adult tissue. Detection 

of RNA transcripts in these cell types would be ideal, since it would allow for the 

analysis of transcription factor expression in addition to the IgM repertoire. It is possible 

to differentiate 19S and 7S-secreting cells by in situ hybridization based on the 

expression of J chain (figure 3-1, 6-1A), so our first attempt at separating the two cell 

types was based on this technique. We planned to “capture” J chain+ or – IgM secreting 

cells after in situ hybridization using Laser Capture Microdissection (LCM) and extract 

RNA from the selected population for analysis.  

The cryosections used for in situ hybridization were fixed in paraformaldehyde 

before freezing and sectioning. The frozen, fixed tissue was first analyzed for RNA 

quality to determine if this tissue would indeed be suitable for downstream analysis. By 

removing the fixed tissue from slides, processing it with a kit specially designed for 

extracting small amounts of RNA from fixed tissue, and analyzing the recovered product 

with a bioanalyzer, we determined that the RNA quality in fixed tissue was suitable for 

downstream processes (figure 6-1B).  

To obtain quality RNA transcripts after LCM, RNA from stained tissue must 

remain intact throughout the entire hybridization procedure. To address this issue, RNA  
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Figure 6-1: RNA quality during in situ hybridization 
(A) In situ hybridization of 8(m (non consecutive) sections from an adult nurse shark spleen. Probes are 
specific for: IgM C3-C4 (left) or J-chain (right). Images taken at 10x magnification. (B-C) Bioanalyser 
traces and related “gel” image of RNA quality from slides at various points throughout the in situ 
hybridization protocol. The timing of 2 high temperature incubations are indicated in yellow (4 hours) and 
red (overnight). Lanes are as follows: 1) White spleen RNA (1:5000), 2) water, 3) day 1 frozen slide (trace 
shown in B), 4) day1 post methanol 5) day 1 post ProtK, 6) day 1 pre hybridization, 7) day 1, 4 hour 
hybridization, 8) day 1, 4 hour hybridization with RNAse inhibitor 9) day 2, post hybridization, 10) day 2, 
post hybridization, with RNAse inhibitor. Ribosomal 18S and 28S peaks are labeled, when present. Lack of 
one or both ribosomal peaks indicates RNA degradation. 
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samples were extracted and analyzed for quality at a variety of time points throughout the 

tissue processing (figure 6-1C). RNA quality remained high throughout all pre-

hybridization washes and processing steps. Although at probe addition some degradation 

was seen (figure 6-1C, lane 6), it would likely not affect analysis of the IgM repertoire. 

The IgM-V regions that we planned to use for sequencing only require ~300 bp reads to 

be usable. Also, since plasma cells express such high levels of secreted Ig transcripts, we 

predicted that lower yields of RNA would likely still be suitable for our purposes. 

Unfortunately, RNA quality continued to deteriorate as the slides were incubated at high 

temperatures during probe hybridization steps. Probes are usually hybridized overnight at 

67 C, but neither a shorter hybridization time (4 hours), nor the presence of RNAse 

inhibitors (RNAsin) protected the samples from RNA degradation (figure 6-1C, lanes 7-

10). Therefore we were unable to obtain intact RNA from LCM after in situ hybridization 

on fixed tissue.  

 

Separation of 19S and 7S IgM: immunohistochemistry (IHC)  

IHC staining protocols do not require high temperature incubations or fixation of 

tissue. Therefore we next attempted to identify 19S and 7S secreting cells via IHC using 

anti-shark IgM Abs. Several candidate anti-H or L chain mAbs were used to identify the 

target cell populations (figure 6-2A). Secreted Ig in spleen tissue from young and adult 

sharks was detected by LK14, an anti-kappa L chain mAb, and anti-H chain GA15 

(figure 6-2B). Although the secreted Ig was easily detected, diffusion of protein into the 

surrounding tissue made it difficult to distinguish which individual cell was responsible 

for the secretion. Therefore, although RNA quality would likely be high enough to use  
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Target Cell 
Population Antibody  Details 

Kappa Light-chains LK14 Stains ~90% of all IgM secreting cells, matching expression of 
Kappa light chains  

IgM Heavy-chain GA15* Reacts with IgM heavy chains of all 5 groups, CH2, CH3, or 
CH4 domain specific  

IgM Heavy-chain GA16 Preference for 19S cells  

IgM Heavy-chain CB5/11/16 Reacts with heavy-chain, may be specific for V region or CH1 
domain  

 
7!

 
 
 
Figure 6-2: Anti-nurse shark monoclonal antibodies and IHC stains for Ig-secreting cells 
(A) Summary of candidate monoclonal antibodies, LK14, GA15, GA16 and CB5/11/16 specificieites. (B) 
IHC stains of 8(m sections of OCT frozen tissue from adult (top) or neonatal (bottom) nurse spleen tissue. 
Both monoclonal antibodies supernatants were used at 1:200 and an anti-mu Ig-FITC secondary was used 
to detect staining. All photographs were taken at 10x magnification.  
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for downstream analyses, it would be difficult to obtain pure populations of IgM-

secreting cells from LCM selected, IHC-stained tissues due to the inability to distinguish 

single secretory cells.  

 

Identification of Ig-secreting cells by FACS 

FACS analysis can also be used to detect and sort plasma cells, and should 

provide cleaner separations than LCM of IHC tissues, in which, as mentioned, it is 

difficult to identify single secreting cells (figure 6-2). In order to detect plasma cells, 

which should only express intracellular, not transmembrane Ig, the cells were fixed and 

permeabilized before staining. Since the RNA quality was still high in fixed tissue 

sections, we hoped that these fixed and permeabilized cells would also yield usable RNA. 

Extractions were done on either live or fixed cells immediately after fixation, or after 

fixation followed by several washes in FACS buffer. Such washes would be necessary 

during antibody incubation steps. Unfortunately, the RNA quality in these cells was, 

again, very poor after this processing (figure 6-3). We decided to proceed with FACS 

separation of 19S and 7S plasma cells even though intact RNA could not be obtained 

from these fixed cells. Without RNA, it is not possible to examine the expression of 

transcription factors and other markers in these cells, but the IgM repertoire can still be 

analyzed using DNA to identify the genomic Ig rearrangements in each cell population. 

 The mAbs discussed above (figure 6-2A) were also used to stain shark cells for 

FACS analysis. All antibodies were tested on both live and fixed cells in multiple shark 

tissues (data not shown). We expected that the majority of live, Ig+ cells would be B cells 

and that plasma cells would be entirely free of surface Ig. The samples were enriched for  
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Figure 6-3: RNA quality in fixed/permeablizied tissues for FACS analysis 
(A) Bioanalyser “gel” image and (B) individual sample trances of RNA quality from cells at various points 
throughout the FACS staining protocol. Lanes in (A) correcspond to trace labels in (B), specifically 3) fresh 
live cells, 4) cells incubated in fix/perm buffer for 20 minutes, 5) unfixed cells that had been incubated in 
FACS buffer for 2 hours and 6) cells fixed for 20 minutes then washed for 2 hours in perm/wash buffer. 
Ribosomal 18S and 28S peaks are labeled, when present. Lack of one or both ribosomal peaks indicates 
RNA degradation.  
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plasma cells before staining by separation over low-density percoll gradients, to remove 

small lymphocytes from the fraction containing larger blasts and plasma cells. Because 

this is only enrichment, not purification, there may still be contamination from other cell 

types in this “plasma cell” fraction. We therefore attempted to remove all surface Ig+ 

cells from the samples by MACS depletion with mAbs before proceeding to the percoll 

gradients and FACS staining. The analysis of both MACS separated samples and 

unprocessed cells from blood and multiple other tissues suggested that in addition to B 

cells, there was a large population of shark cells with adsorbed Ig on their surface. 

Additional studies are being undertaken to better characterize these adsorbed cells, which 

appear lymphocytic, and in some cases express rearranged TCR regions (data not shown). 

Since the purpose of these studies was to isolate plasma cells, however, the adsorbed cells 

were removed along with any surface-Ig+ B cells by MACS depletion. Regular fixation, 

permeabilization and staining were then done using combinations of the shark-specific 

mAbs.  

We found that LK14-stained shark cells more brightly than the other mAbs tested, 

which we predict may be due to the number of epitopes available to the different mAb 

specificities. Since LK14 is specific for Ig# L chains, there is little chance that binding 

one L chain would interfere with the other in an Ig molecule, so there should be 2 

epitopes per 7S monomer and 10 epitopes per 19S pentamer, which likely accounts for 

this very bright staining (figure 6-4). GA15, however, is an anti-IgM H-chain with 7S 

preference by immunoprecipitation [173]. For the purposes of other studies, we have 

previously constructed IgFc fusion proteins expressing a NARV domain upstream of the 

IgM C2-C4 constant domains from each of the 5 IgM groups (figure 6-5A). These fusion 
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Figure 6-4: Model of mAbs binding to shark Ig 
Schematic of nurse shark mAb binding to surface Ig (BCR), secreted 7S or 19S IgM. Shark Igs shown in 
red, and monoclonals in green (GA15), purple (GA16), or yellow (LK14). GA15 is shown with a “?” 
because, while it preferentially immunoprecipitates 7S and does not recognize adsorbed 19S, we believe it 
does stain intracellular Ig in 19S-secreting cells.  
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proteins could be detected with GA15, so the epitope for this mAb must reside 

somewhere in the last three constant domains (figure 6-5), and we therefore predict that 

GA15 likely has only 1-2 epitopes per IgM H chain. Based on the previously mentioned 

FACS analysis of B cells and cells with adsorbed Ig, we believe that GA15 may bind to 

the C4 domain of IgM, or very near the secretory tail (figure 6-4). This epitope is not 

present surface Ig and is partially masked in 19S pentamers, since GA15 does not detect 

either B cells or cells with only 19S adsorbed (data not shown).  

In contrast, none of the other mAbs tested was able to detect any of the IgM-Fc 

fusions (figure 6-5B). These results confirmed the proposed binding sites for LK14 and 

GA16. As previously mentioned, LK14 is L chain-specific, and since these constructs 

express a NARV that does not associate with L chains, it was also unsurprising that LK14 

did not detect any of the fusion proteins. GA16 has a preference for 19S IgM, and 

without the addition of J chain expression in these transfectants the Ig constructs were not 

secreted as pentamers, so it was not surprising that GA16 did not bind. Alternatively, 

GA16 could be specific for a glycosylation site or other processing-specific epitope on 

19S pentamers, which may not be processed correctly when expressed in mammalian 

cells. Whichever epitope is correct, GA16’s 19S preference, suggests that only one 

binding site may be present in each 19S pentamer (figure 6-4). Lastly, although the CB 

mAbs (CB5, CB11 and CB16) are specific for IgM H chains, the epitope may be within 

the C1 domain, since none of the CBs detected our C2-C4-expressing constructs (figure 

6-5, 6-2A).  

Due to the 7S and 19S preferences of GA15 and GA16, respectively, these 

antibodies were chosen for differentiating the two types of secreting cells via FACS  
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Figure 6-5: Specificity of GA15 to C2-C4 domains 
(A) Diagram of shark IgFc-NARV fusion protein containing a HEL-specific NARV region (blue, 5A7 
[198]), the huIgG hinge (balck) and C2-C4 domains of various nurse shark IgM genes (red). The proteins 
were cloned into a pCDNA3.1+zeo vector and transfected into 293T cells for expression. (B). HEL binding 
of Fc fusion supernatnats were detected with shark IgM-specfic monoclonal antibodies or DMEM as a 
negative control.  
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sorting. Cells were first MACS depleted with anti-IgM H chain mAb, CB5, to remove all 

adsorbed and surface Ig+ cells. Cells were then enriched over a percoll gradient and 

stained. We found two target cell populations in fixed, permeablized cells processed in 

this way: a GA15+/GA16+ double stained population, and a population of GA15+/GA16- 

cells (figure 6-6). We predicted that the double-positive cells would be 19S IgM 

secretors and the GA15+-only cells 7S secretors. Although, as mentioned, GA15 does not 

bind to intact pentamers, it is likely that the mAb can detect partially assembled 

pentamers in the permeablized GA15+/GA16+ population.  

In summary, we believe we have identified both19S- and 7S-secreting cell 

populations by FACS from shark PBLs and spleen tissue. Unfortunately high-quality 

RNA cannot be obtained from these samples, so if this method is used to sort plasma 

cells, Ig repertoire must be examined at the DNA level. 
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Figure 6-6: Separation of 19S and 7S IgM  
Model for the separation procedure to isolate 19S and 7S IgM-secreting cells. Cells with either surface 
expressed or adsorbed Ig are removed by MACS depletion with CB5. CB5- cells are then fractionated over 
a percoll gradient and the upper fraction (density 1.050) is collected followed by fixation and 
permeabilization and FACS staining with GA15 (directly conjugated to FITC) and GA16 (biotinylated and 
detected with SA-APC conjugate). Predicted 19S and 7S populations are indicated with black arrows in 
FACS plot. 
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Discussion 

Based on the above percoll/MACS/FACS separation protocol, we have completed 

a trial separation of the putative 19S and 7S cell populations. A relatively small amount 

of material was used, so the number of cells collected at the end of the FACS sort was 

very low. This small cell number was likely responsible for the poor yield DNA extracted 

from these sorted cells. Although genomic DNA for repertoire analysis was not obtained 

from this initial sort, we believe that upon further attempts at cell separations, and 

especially with higher starting cell numbers and an optimized DNA extraction method for 

small samples, we will be successful in analyzing the IgM repertoire.  

One downfall of this percoll/MACS/FACS separation is that, as mentioned, 

mRNA is destroyed in these cells by the time they are FACS-stained and sorted. 

Therefore, it is not possible to test the two target populations for expression on J chain to 

confirm that our FACS stains have indeed identified separate 19S and 7S secreting cells. 

We have antibodies that can detect J chain in its non-native form, so if this method is 

indeed used in the future for repertoire studies, it would be useful to perform Western 

blots for J chain in the two target populations to confirm our predictions.  

Another potential option for cell isolation is, of course, to use a different 

technology that would allow for isolation of high quality RNA after separation. While we 

are skeptical that this will be achieved by the in situ hybridization or IHC methods 

mentioned above, there are new products currently on the market that might help with 

such separations. Specifically, we will attempt a new protocol for fluorescent detection of 

RNA message in live cells (SmartFlare, Millipore). By staining live cells based on RNA 

expression we could both validate the 19S- and 7S-secreting cell populations that we 
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have already identified by FACS, and sort cells to obtain usable RNA for repertoire and 

expression studies.  
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Chapter 7: Further discussion and future directions 

 

 In these studies, we have attempted to gain better understanding of plasma cells in 

the nurse shark, and specifically the differences in Ig-secreting cells throughout shark 

development. By focusing on Ig gene expression, sequence signatures and transcriptional 

expressions along with examining potential binding targets of early antibodies, we have 

gained better insight into the development of these cells early in ontogeny and into 

differences between monomeric and pentameric IgM secretion.  

We have found a population of plasma cells in both neonatal and adult sharks that 

secrete Ig without Blimp1 expression, contrary to the conventional view that Blimp1 is 

indispensable for Ig secretion. Adult shark cells that express Blimp1 secrete 7S IgM, 

which makes up much of the antigen-specific Ig, whereas 19S IgM-secreting cells in both 

neonatal and adult animals as well as IgM1gj-secretors are Blimp1- (as are all secretory 

cells in young sharks). Since 19S IgM seems not to be prominent in antigen-specific 

responses, two different models, expanded on below, might explain the lack of Blimp1 in 

these cells: 19S secreting cells may either comprise an innate-like lineage of B cells or a 

plasmablast-like developmental stage.  

 

Model 1: 19S secreting cells as a B1-like lineage 

In adult spleen, J chain+, 19S IgM-secreting cells do not express Blimp1, whereas 

J chain-, 7S-secreting cells express high levels of Blimp1. The 7S, Blimp1+ cells may 

encompass a population of conventional, B2-like cells, which, after undergoing antigen-

specific expansion and SHM, would require Blimp1 to extinguish these processes. The 
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19S-secreting cells, in this model, may come from a B1-like lineage (figure 7-1A). 

Certainly, the presence of 19S IgM-secreting cells early in development is similar to the 

early appearance of B1 cells in mammals. Additionally, there are reports that mammalian 

B1 cells do not require Blimp1 for antibody secretion [139]. If 19S-secreting cells 

continually divide throughout life, it also may be a requirement that these cells do not 

express Blimp1, since terminally differentiated Blimp1+ cells would be unable to self 

renew. In this model, the 19S-secreting cells, like IgM1gj-secreting cells, may persist long 

term in the adult epigonal organ (discussed further below). Lastly, if model 1 is true, we 

hypothesize that shark B cells are clonally marked from their earliest stages for J chain 

expression (figure 7-1A), and perhaps committed to separate lineages early, as suggested 

for mouse B cells by Leanderson [64]. 

 

Model 2: 19S secreting cells as a developmental stage 

Alternatively, the 19S-secretors may constitute a “plasmablast-like” developmental stage, 

as has also been suggested in certain mammalian B1 cell models [45, 138]. Blimp1 is not 

expressed in mouse pre-plasmablasts, even-though Pax5 is already down-regulated at this 

stage [137]. Nurse shark 19S-secreting cells could therefore represent a similar 

transitional state between B cells and the end-stage 7S-secreting plasma cells (figure 7-

1B). In this model, during an antigen-driven immune response, J chain expression would 

eventually be extinguished, allowing 19S-secreting cells to “functionally class switch” to 

a 7S-IgM secreting cell type, coinciding with high levels of Blimp1 and IgM expression, 

characteristic of true plasma cells. The eventual loss of J chain in this scenario 

corresponds to what was described in some early models of J chain where expression of J  
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Figure 7-1: Models of 19S/7S plasma cell development and Blimp1 expression  
(A) Model of 19S (red) and 7S (green) secreting cells as multiple lineages.  19S IgM is derived from B1-
like B cells (light red), and 7S IgM from B2-like B cells (light green). J chain expression in these cells may 
be marked from an early stage.  19S cells express either low or no Blimp1, or potentially express Blimp1 
transiently (grey text and arrows). 19S secretors may also self renew (circular arrow). (B) Model of 19S 
cells as plasmablasts.  Both 19S (red) and 7S (green) secreting cells are derived from the same type of B 
cell (blue). 19S cells may either further differentiate into 7S-secretors (left) or may be a permanent 
“plasmablast-like” cell (right). In either case 19S cells likely self renew (circular arrow). If both cells arise 
from the same type of B cell, 19S secretors may be derived earlier in a reaction than 7S secretors.  
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chain was thought to be an early event in B cell differentiation [72, 73] and a marker of 

early clones [74, 76].   

If model 2 is correct, this plasmablast stage appears to be more pronounced and 

longer lasting in the nurse shark than in mammals, since 19S-secreting J chain+ cells 

make up a major proportion of adult spleen cells, regardless of immunization status. As 

mentioned in model 1, if these cells continue to divide it is expected that they would 

express low (or no) Blimp1 to perpetuate cell cycle progression. Mammalian 

plasmablasts, which are capable of cell turnover, do express some Blimp1, although, at 

much lower than true plasma cells. Therefore, it is also important to note that Blimp1 

may be present in these shark 19S cells, but at very low levels, below our detection 

threshold, in these cells. 

 

Modified model 2: 19S secreting cells as permanent plasmablasts 

While generally thought of as a transitional stage, it is also possible that 

plasmablasts do not actually differentiate into true plasma cells, and are instead a separate 

“end stage” of their own, which either continue to self-renew or eventually die. In this 

modified plasmablast model, the J chain+ cells that secrete 19S may differentiate early 

and express J chain but not Blimp1, while 7S secretors may be expressed from clones that 

differentiate later, after SHM, and that by this time J chain expression is extinguished and 

the cells require Blimp1 to become true end stage cells (figure 7-1B). In this case, the 

decision to become a 19S-secreting permanent plasmablast or a 7S-secreting plasma cell 

would presumably be made early in an immune response, and once the cells begin 
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secreting Ig they would not interconvert. In this model, unlike model 1, these two cell 

types would have developed from the same general type of B cell (figure 7-1).  

Another important factor to note is that, although we do not detect Blimp1 

expression in these 19S-secreting cells, it is possible that Blimp1 was important early in 

development but is not continuously expressed in 19S secretors (figure 7-1A). If Blimp1 

were expressed at some time during the development of 19S secreting cells but is not 

found at high levels in the mature cells, we would not detect this transitional state in our 

in situ hybridization assays. Likewise, based on experiments with knock-out mice, 

Blimp1 is thought to be necessary for the development of plasma cells in mammals, 

however, it is unknown whether Blimp1 is needed continuously for secretion from all B 

cell lineages or if it may be more important for development of some cells. Although, as 

mentioned above, there are reports that mammalian B1 cells do not require Blimp1 for 

antibody secretion [139], it is not universally accepted that B1 cells can secrete without 

Blimp1 [136]. There are several Blimp1 knock out mice available, and analyzing these 

mice for B1 secretion may lead to different results depending on the model used. The 

traditional knockout lacks exon 7, and is embryonically lethal [126, 142]. Blimp1 has 

multiple potential starts sites in exon 1, however, and one of the alternative exons is 

primarily used in lymphocytes, while another is more important during development. The 

lymphocyte-specific exon 1 knockout is not an embryonic lethal mutation [203]. It has 

therefore been suggested that exon 1 knockouts may be able to secrete some Ig because 

they still express Blimp1 from one of the other promoters, either transiently or at low 

levels.  
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Future directions: repertoire analysis 

The ability to separate 19S- from 7S-secreting cells would greatly aid future 

characterization of these cell types, and identification of the factors controlling J chain 

expression. Discriminating between 19S and 7S cells would permit analysis of IgM 

repertoires, including CDR3 lengths and N-region additions. If the two forms do originate 

from different cell lineages, we predict that there would be unique sequence signatures, 

with the 19S IgM repertoire likely being less diverse, like natural antibodies in mammals 

[204]. If 19S and 7S cells were found to have very different CDR3 signatures, or if they 

use a different set of IgM genes, this would strongly suggest that the two cell types are 

derived from separate lineages. If there is no noticeable difference between the V regions 

of 19S and 7S, however, we could also examine the mutational patterns of both receptors.   

Shark 7S, but not 19S, IgM shows enhanced binding strength to antigen after 

immunization [190], so it would also be interesting to follow mutations in the IgM-

secreting cells throughout the course of an immune response. We would predict that only 

7S-secretors would contain mutations, but by analyzing an antigen-specific response it 

may be possible to identify antigen-specific 19S cells found early in a response, and to 

compare these to 7S secreting cells arising later. If IgM-secreting cells switch as per 

model 2, we would likely find unmutated and mutated sequences from the same antigen-

specific BCR within the 19S and 7S populations, respectively. 

If both 19S and 7S IgM V regions are mutated, it would also be important to 

determine if they are specifically selected mutations (i.e. found predominantly around 

mutational hotspots in the CDRs, and in expected replacement/silent ratios) or if they 

appear random. Combined with similarities in V region gene usage and CDR3 signatures, 
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mutational similarities between 19S and 7S cells, would suggest that both types are 

originating from the same population rather than separate lineages, or perhaps that 19S 

cells are capable of switching to 7S secreting cells. If the 19S V regions appear to be 

undergoing random mutation while the 7S contains directed mutations, however, it would 

suggest that these two cell types arise from separate lineages.  Alternatively, if only the 

receptors from 7S cells show mutations it could suggest either that the two types come 

from separate lineages, or that when 19S cells respond to antigen they extinguish J chain 

expression and switch to become 7S secretors before undergoing mutation (more similar 

to the modified plasmablast model, described above).  Analysis of antigen-specific cells 

would be most useful to distinguish between these scenarios.    

Regardless of whether J chain+/Blimp1- 19S cells represent a separate lineage, 

developmental state, or some combination of the two, additional transcription factors 

must be required to play a role in the control of Pax5, Blimp1, and J chain expression. 

Although the identity of these factors is unclear, their discovery will be important for 

clarifying whether these cells truly come from distinct lineages (as in model 1) or are 

indicative of different developmental stages (as in model 2). 

Ideally, 19S and 7S secreting cells must be separated in order to isolate intact 

RNA from the samples (as discussed in Chapter 6). While it would be possible to perform 

the repertoire analyses with DNA rearrangements, studying sequence similarities would 

be easier if we could examine actual expressed receptor sequences. Additionally, if we 

obtain viable RNA, we would also be able to study transcription factor expression in 

these cells in much greater detail.  Specifically, we would like to return to a more in 

depth analysis of the XBP-1 expression and activation states in these secreting cells, and 
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to examine the expression of another candidate transcription factor, Bach2, a known 

repressor of Blimp1.  

 

Long-lived plasma cells 

Like mammalian bone marrow, the epigonal organ contains a subset of long-lived 

plasma cells that persist throughout life. The IgM1gj-secreting cells that develop early in 

life persist only in the epigonal tissue of adult sharks [173]. Additionally, since we 

detected the early-expressed isotype IgM G4D in adult epigonal but not spleen tissue, 

there may be other epigonal-resident plasma cells that continue to slowly divide 

throughout the life of the animal. The appearance of secreted IgM1gj in metabolically 

labeled cells from adult blood, suggests that some of these long-lived cells may also 

traffic between the epigonal and blood throughout the life of the animals. Therefore, the 

epigonal appears to be an organ in which plasma cells of various types survive and are 

capable of long-term self-renewal and continued trafficking throughout the periphery.  

Unlike mammalian long-lived bone marrow plasma cells, which express high 

levels of Blimp1, these epigonal secreting cells are entirely Blimp1-. Since Blimp1 

expression in these “long-lived” cells in the shark epigonal does not match mammalian 

bone marrow cells, these cells could perhaps be more similar to mucosal plasma cells in 

mammals, where IgA-secreting cells may be either long-lived or quickly replaced 

(reviewed in [98]). Specifically, antigen-specific cells and a small population of early 

IgM-secretors (such as IgM1gj and G4D-expressing cells) in the epigonal may be long-

lived, whereas there may also be a large portion of secreting cells which are continuously 

replenished by new cells, based on recent antigens encountered. Models of plasma cell 
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development in the epigonal are further complicated, however, by the recent findings that 

some shark cells can class switch between IgM and IgW isotypes [184]. Since we found 

that the majority of J chain+ cells in the epigonal express IgW, rather than IgM, it is 

possible, for example, that many 19S cells recruited for long-term expression in the 

epigonal have also undergone a specific CSR to IgW. In the future we would like to 

analyze the epigonal expression in more detail to determine whether or not the majority 

of IgW secreting cells in that tissue have class-switched, and if they contain high levels of 

mutations, or are potentially continuing to mutate as has been suggested for light chains 

in shark epigonal [188] and for mouse bone marrow plasma cells [205]. 

 

Antigen binding and function of early antibodies 

Once we determine with more certainty which L chain associates with the 

invariant, IgM1gj, H chain, as discussed in Chapter 4, we would like to continue our 

analysis of possible self antigens for this isotype, and to look more in depth at the binding 

characteristics of IgM1gj in tissue. Specifically, using recombinant IgM1gj, we could 

identify which portion of the molecule is responsible for tissue or antigen binding in vivo. 

Additionally, we would like to examine binding of 19S IgM to antigen. By following 

antigen-specific responses in sharks, we might determine if 19S IgM is responsible for 

early plasma cell responses to foreign antigens, or, similar to natural IgM in mammals, it 

may have specificities to conserved epitopes present on self molecules or commensal 

bacteria.   

It has also been shown that carbohydrates on C region and secretory component 

can interact with bacterial antigens [54, 55]. It is possible that IgM1gj, 19S IgM or both 
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may interact with antigens in such a manner.  We have begun studies examining 

glycosylation differences between 19S and 7S cells for insights into the mechanism of 

multimerization and J chain association during protein synthesis, since it has been shown 

that there are glycosylation differences between the two types in other shark species 

[206], and since these glycosylation differences could impact antigen binding or 

complement association in addition to multimerization states. 

 

Future directions: comparative models 

We would additionally like to determine the relevance of shark Blimp1 and J 

chain expression to mammalian and other vertebrate systems. Specifically, we would like 

to analyze our data in sharks within the greater context of Blimp1 expression in B cells 

subsets in all vertebrates. 

We predict that the observed dichotomy of J chain and Blimp1 expression is not a 

shark-specific phenomenon. Unlike monomeric IgH chain classes in mammals, such as 

IgG, where the expression of J chain has no effect on the structure of the secreted 

isotypes, in sharks, regulation of J chain expression is important because 7S IgM is 

secreted only in the absence of J chain. Even in mammalian systems, it is known that J 

chain is expressed only by a subset of plasma cells. For example, as mentioned, some 

IgA-secreting cells in the mouse are J chain- and secrete IgA monomers. Therefore, 

transcriptional control of J chain is likely to be important in at least a subset of 

mammalian plasma cells as well as in sharks. In many mammalian systems the 

importance of J chain may have simply flown under the radar since it does not associate 

with IgG. 
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It has been documented that J chain+ IgA-secreting cells of the mammalian lamina 

propria are derived from B1 cells, whereas B2 cells secrete J chain- IgA [90]. We 

therefore predict, based on our results in nurse shark, that these J chain+ (B1-derived, 

IgA+) cells may be Blimp1-negative, whereas the J chain- (B2-derived, IgA+) plasma 

cells would express Blimp1. From a broader evolutionary perspective, similar predictions 

can also be made for other non-mammalian vertebrate models. Both teleosts and Xenopus 

have dedicated mucosal Ig classes (IgT and IgX respectively) [207-209], and these 

mucosal Ig-secreting cells may contain B1-derrived secreting cells, similar to mammalian 

J chain+ IgA secretors. Although it is important to note that while teleosts have lost J 

chain, mucosal Ig-secreting cells may still lack Blimp1, similar to shark 19S secretors, 

and in Xenopus, mucosal IgX+ cells may be J chain+/Blimp1-.  

Along these same lines, we would like to investigate the possibility that sharks, 

too, have a dedicated mucosal Ig isotype.  So far we have found low levels of IgM 

expression in the lamina propria of the nurse shark intestinal equivalent, the spiral valve, 

and when IgM-secreting cells were present they were J chain-. The lack of pentameric 

IgM expression in this tissue could be explained by the potential inability of shark J chain 

to bind to the secretory component of pIgR, and/or the lack of pIgR in sharks, in general. 

In the future we would like to examine the expression of other isotypes in this tissue, 

specifically certain short forms of IgW. Additionally, it is possible that, again due to the 

lack of shark pIgR, mucosal Igs in this species are secreted directly into the lumen of the 

spiral valve, perhaps from the pancreas, so we would like to examine this further as well. 
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