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Abstract

Affinity maturation is the process to improve antibody affinity for an antigen during an adaptive
immune response; it is mediated by the immunoglobulin mutator enzyme activation-induced
cytidine deaminase (AID). This process is crucial to produce high-affinity memory B-cells and
plasma cells. In homeotherms, affinity maturation and the subsequent selection of B-cells
expressing higher affinity antibodies occur in histologically distinct germinal centers (GCs), which
are composed primarily of B-cells, T follicular helper cells, and follicular dendritic cells. Within
the germinal centers, antigen-specific B-cells proliferate while acquiring AID mediated mutations
in their VDJ exon; these cells then compete for a limited number of antigens trapped on the surface
of follicular dendritic cells. Successful B-cells capture the antigen and present it to T follicular
helper cells, which provide affinity-based help and drive B-cells proliferation and differentiation
into memory B-cells and plasma cells (reviewed in Mesin et al., 2016, De Silva et al., 2015). Fish
were thought to lack affinity maturation, in part because they lack histologically distinct germinal
centers (reviewed in Magor, 2015). However, higher affinity antibodies (approximately 100-fold
increase) were detected in the serum of trout and catfish following immunization (Ye et al., 2011,
Wu et al., 2019). In addition, a functional homologue of AID has been identified in fish, where
AID expressing cells co-exist with a population of pigmented cells called melano-macrophages

(MM®s) along with IgM " B-cells and CD4" T-cells (Saunders et al., 2010).

In my thesis, I tested the hypothesis that melano-macrophage clusters (MM®Cs) are functional
analogues to GCs by doing VDI repertoires on isolated clusters from the spleen and kidney of

zebrafish. Construction of clonal lineage trees revealed: 1) Each cluster is dominated by a few B-

1



cell clonotypes that have generated several hundred daughter cells with acquired mutations. 2)
Proliferation of B-cells within the clusters is inferred to be ongoing, with a few more Ig clones
having smaller lineages. 3) There is evidence for positive selection for replacement mutations in
regions encoding the antigen contact loops but not in regions encoding the framework regions. 4)
Mutation patterns indicate the involvement of AID and error-prone polymerases in the mutation
process. 5) Hill numbers and clonal abundance distribution revealed expansion and diversification
of specific clonotypes, indicating the presence of an effective recruitment mechanism within the
clusters. In addition, zebrafish vaccination with various proteins conjugated to a fluorescent tag
revealed that long-term antigen retention occurs within MM®Cs. Imaging flow cytometry analysis
confirmed the presence of lymphocyte-like cells, and the total number of these cells is consistent
with the number of unique Ig transcripts isolated from each cluster. Identifying a distinct cellular
milieu in which B-cells can undergo antibody affinity modification will provide a better
understanding of how antibody affinity maturation operates in fish and may provide insights into
how autoimmune-associated ectopic germinal centers or tertiary lymphoid structures in mammals

can function.
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CHAPTER1

INTRODUCTION

1. Introduction

1.1. Overview

Activated B-lymphocytes mediate the humoral immune response by secreting antigen-specific
antibodies in response to foreign pathogens during an adaptive immune response. The diversity of
the primary antibody (Ab) repertoire is generated by a process called VDJ recombination. The
basic Ab protein (also known as an immunoglobulin (Ig)) is composed of two identical heavy
chains (IgH) and two identical light chains (IgL). Each chain is composed of constant and variable
immunoglobulin domains (Dreyer et al., 1965). The heavy chain variable region gene is subdivided
into three segments variable (V), diverse (D), and joining (J), and the light chain into variable (V)
and joining (J) segments (reviewed in Di Noia & Neuberger, 2007; Schatz et al., 2011). The variety
of different antibody molecules can be achieved by a random rearrangement of V, D, and J gene
segments available for integration, as well as by deletion and insertion of different nucleotides at
the V-D-J junctions (reviewed in Di Noia & Neuberger, 2007). As many as 10'° different antibody
molecules can be generated by this process in humans and mice, and B-cells with low avidity to

self molecules migrate to the periphery (reviewed in Ubelhart et al., 2015, Schroeder, 2006).



Mature naive B-cells leave the bone marrow to the periphery and recirculate the secondary
lymphoid organs. Following the activation of naive B-cells by interacting with a specific antigen
(Ag) via the B-cell receptor (BCR) during an immune response in the lymphoid tissue at the site
of infection, B-cells interact with antigen-specific T-cells and become fully activated B-cells
(plasmablasts). Plasmablasts begin to proliferate and will secrete antibodies that may have a low
affinity for the foreign antigen. Plasmablasts and activated T-cells may also be recruited to specific
lymphoid tissue regions within the primary follicles (reviewed in Mesin et al., 2016, De Silva et
al., 2015). Typically, a subset of these activated B-cells nucleates a follicle, and each of these cells
will have its own unique VDJ sequence. Once there, B-cells alter their gene expression profiles
and are known as centroblasts. Centroblasts are highly proliferative, though they downregulate Ab
production and upregulate expression of activation-induced cytidine deaminase (AID). The
centroblasts become so plentiful, at this point, the aggregate is referred to as a secondary follicle
and later as a germinal center (GC). AID expressed in the centroblasts will cause somatic
hypermutations (SHM) in the VDJ exon and the surrounding introns to change (and potentially
enhance) their antibodies' affinity to the exogenous antigen. Modified cells will alter their gene
expression again and begin to express membrane antibodies. These cells, now referred to as
centrocytes, may have altered antigen-binding abilities (reviewed in Mesin et al., 2016, De Silva
et al., 2015). Centrocytes compete for a limited number of intact antigens retained on the surface
of follicular dendritic cells (FDCs). Centrocytes with high affinity for the antigen endocytose it
and present it via major histocompatibility complex class II (MHC II) to T follicular helper cell
(Tth), from which they receive survival signals. Thus, the GC reaction is also referred to as
antibody affinity maturation. Selected cells can undergo more SHM and proliferation, or a phase

of proliferation, and daughter cells will differentiate into either long-lived antibody-secreting



plasma cells or memory B-cells. Unsuccessful B-cells will undergo pre-programmed apoptosis

(reviewed in Magor, 2015, Mesin et al., 2016, De Silva et al., 2015, Wing et al., 2018).

Fish and all ectothermic vertebrates lack GCs; consequently, they are thought to lack affinity
maturation (reviewed in Magor, 2015). However, our lab has identified the first fish homologue of
AID. It is fully functional and can induce SHM in mouse AID~ B-cells (Saunders et al., 2004,
Wakae et al., 2006). Moreover, in situ hybridization of the fish AID transcript revealed that AID
is expressed within aggregates of pigmented cells called melano-macrophages (MM®s) in the
spleen and kidney of catfish. These cell aggregates are also associated with IgM* B-cells and CD4"
T-cells (Saunders et al., 2010), and studies have shown that intact antigen is retained within
melano-macrophage clusters (MM®Cs) for a long period (Lamers et al., 1985, Lamers CH, De
Haas MJ 1985, Ziegenfuss et al., 1991). Melano-macrophages (MM®s) are autofluorescent and,
at least in cyprinids (goldfish and zebrafish), frequently are extensively encapsulated by reticular
cells. These characteristics make it relatively easy to isolate intact MM®Cs (Diaz-Satizabal et al.,
2015). Furthermore, earlier work on antibody affinity maturation in people with autoimmune
diseases revealed that affinity maturation process occurs without conventional GCs in regions

where T- helper cells, B-cells, and a source of antigen are present (William et al., 2002).

Taken together, these observations led to the hypothesis that MM®Cs in fish are acting as a
primordial germinal center. In my thesis, I examined the three hallmarks of the GC reaction within
MMOO®Cs, including:

1. Clonal expansion of activated B-cells.

2. Accumulation of AID-induced SHM in the VDJ exon of the Ig gene.



3. The presence of an active antigen-driven selection process.

1.2. Thesis objectives

The overall objective of my thesis was to determine if MM®C:s in fish are functional analogues to
GCs of homeothermic vertebrates by doing VDJ repertoires on isolated clusters and examining the

hallmarks of the GC reaction within MM®Cs.

Teleost fish are able to improve the affinity of their antibodies in response to T-cell dependent
antigens (Ye et al., 2011, Wu et al., 2019), and the expression of MHC II is abundant in the spleen
and kidney of zebrafish, and 70% of these MHC II expressing cells are B-cells (Wittamer et al.,
2011). In addition, the key initiator of affinity maturation AID is expressed within MM®Cs in the
spleen and kidney, these cell aggregates are also associated with IgM "™ B-cells, CD4" T-cells, and
intact antigens are retained within MM®Cs for an extended period (Saunders et al., 2004, Saunders
et al., 2010, Lamers et al., 1985, Lamers CH, De Haas MJ 1985, Ziegenfuss et al., 1991).
Furthermore, affinity maturation occurs without conventional GCs in people with autoimmune
diseases in regions where T- helper cells, B-cells, and a source of antigen are present (William et

al., 2002).

Based on these observations, it was hypothesized that MM®Cs in fish are acting as primordial
GCs. In my thesis, I investigated whether MM®C:s in fish are functionally analogous to GCs by
examining the hallmarks of the GC reaction within MM®Cs, including 1) clonal expansion of

activated B-cells; 2) accumulation of AID induced somatic hypermutation in the VDJ exon of the



Ig gene; 3) the presence of an active Ag-driven selection process.

Specific objectives of my thesis were: (1) to determine if B-cells clonally expand while acquiring
mutations within MM®Cs; (2) to determine if an active antigen-driven selection process occurs
within MM®Cs; (3) to determine if AID and error-prone polymerases are involved in the mutation
process; (4) to determine if there is an effective recruitment and diversifying mechanisms within
MMOCs; (5) to determine if long-term Ag retention occurs within MM®Cs in zebrafish; (6) to

confirm the presence of lymphocyte-like cells within the clusters.

1.3. Thesis outline

This thesis encompasses six chapters. Chapter I is an introduction to subjects related to my thesis
work. In this chapter, I first provide a brief overview of the immune response with an emphasis on
the adaptive immune response and the development and activation of B-cells. I then describe the
immunoglobulin mutator enzyme, activation-induced cytidine deaminase (AID), and its role in
antibody diversification. In addition, chapter I discusses the adaptive immune system and the
current knowledge about melano-macrophage clusters (MM®Cs) in teleost fish. Chapter 11
provides a description of the methodologies and protocols used during the completion of my thesis.
In chapter III I describe my results in detail. Chapter IV provides a comprehensive discussion of
my results and their interpretations. Chapter V provides an integrative view of my findings and
describes how these findings relate to the current understanding of antibody affinity maturation
process in fish. Finally, in chapter VI, I discuss the applied significance of my results and propose

further studies.



1.4. The innate and adaptive immune responses

Our immune system has the ability to eliminate pathogens and harmful substances using complex
defense mechanisms. Simultaneously, to prevent damaging host cells, the immune system can
differentiate between self and non-self-molecules, known as self-tolerance, through mechanisms
that inhibit the immune response following the encounter with self-molecules (reviewed in
Chaplin, 2010). Immune cells arise from hematopoietic stem cells in the bone marrow, and the
immune system has two major lines of defense: innate immunity and adaptive immunity (reviewed

in Chaplin, 2010).

Innate immunity provides a rapid response to foreign pathogens. Pattern recognition receptors
(PRRs) inside and outside the cell are germline-encoded; these receptors can detect and respond
to a wide range of pathogens that share common molecules known as pathogen-associated
molecular patterns (PAMPs) (Lemaitre et al., 1996). In addition, PRRs can detect and eliminate
damage-associated molecular patterns (DAMPs), which are endogenous molecules released from
damaged or stressed cells. PAMPs and DAMPs activate PRRs signaling, which leads to the
production of proinflammatory cytokines and chemokines, including type I interferon (interferon-
o (IFNa) and IFNP), interleukin 1 B (IL-1B), interleukin 6 (IL-6), and tumor necrosis factor (TNF)
(Poltorak et al., 1998, reviewed in Amarante-Mendes et al., 2018). These molecules alert the
immune system by activating antimicrobial activities such as immune cell recruitment. In addition,
they play a key role in activating antigen-specific adaptive immune responses (reviewed in Akira

et al., 20006).



Several cells derived from haematopoietic stem cells are involved in the innate immune response,
including macrophages, neutrophils, dendritic cells, mast cells, basophils, eosinophils, natural
killer (NK) cells, and innate lymphoid cells (ILCs) (reviewed in Chaplin., 2010). Macrophages
and neutrophils are phagocytes; they phagocytose microbes and kill them using various effector
molecules such as nitric oxide, superoxide, and degradative enzymes. Unlike neutrophils,
macrophages are long-lived and involved in antigen presentation (reviewed in Gasteiger et al.,
2017, in Chaplin., 2010). Dendritic cells (DCs) are phagocytic and antigen-presenting cells
(APCs), and they play a significant role in initiating the adaptive immune response (reviewed in
Chaplin et al., 2010, Marshall et al., 2018, Gasteiger et al., 2017). Mast cells, basophils, and
eosinophils are involved in the initiation of the acute inflammatory responses and pathogenesis of
allergic diseases (reviewed in Chirumbolo et al., 2018). NK cells play a significant role in host-
rejection of tumors and the destruction of virally infected cells (reviewed in Vivier et al., 2008).
ILCs lack the somatically recombined antigen receptors, and there are three types of ILCs, ILC-1,
ILC-2, and ILC-3. Cytokines produced by these cells play a more regulatory role, such as
regulating DCs and T-cells activities during an immune response (reviewed in Eberl et al., 2015,

Gasteiger et al., 2017).

The adaptive immune system can be subdivided into T-cell mediated cellular immunity and
humoral immune response, which is mediated by antibodies secreted by B-cells. T-cells express a
unique T-cell receptor (TCR) that can be activated by APC (usually DCs but also macrophages
and B-cells). This activation leads to rapid proliferation of the different subsets, including CD8"
T-cells (cytotoxic T-cells), which kill cells infected with intracellular microbes directly, and CD4*

T-cells (helper T-cells), which regulate the cellular and humoral immune responses by secreting



different cytokines such as IL4, IFNy, and IL21 (reviewed in Luckheeram et al., 2012, Nicholson.,

2016).

B-cells express a unique B-cell receptor (BCR), and unlike T-cells, they can interact with antigens
directly. Based on their development and their ability to be activated by T cell-dependent or T-cell
independent antigens, naive B-cells are subdivided into follicular (FO; or B-2 type), marginal zone

(MZ), and B-1 B-cells (reviewed in Allman et al., 2008).

FO B-cells (IgM"°*IgD"CD21™4CD23*CD1d"") reside in the primary follicles of B-cells in the
secondary lymphoid organs, and they recirculate through the blood and lymph to these follicles.
Within the secondary lymphoid organs, B follicles are always adjacent to T-cell zones, which
allows FO B-cells to participate in a T-cell dependent immune response. Nonetheless, FO B-cells
also recirculate through the bone marrow, where they are organized around the vascular sinusoids
and respond to T cell-independent blood-borne pathogens (Cariappa et al., 2005, reviewed in
Allman et al., 2008). MZ B-cells are IgM"IgD'**CD21MCD23"CD1d", and they are mostly non-
recirculating; they reside mainly in the vicinity of the marginal sinus of the spleen. MZ B-cells are
considered to be innate-like B-cells; they express polyreactive BCRs that bind to multiple PAMPs.
In addition, they participate in the early immune response due to their ability to differentiate into
short-lived plasmablast in the absence of BCR ligation through various PRRs such as toll-like
receptors (TLRs), scavenger receptors, and C-type lectin receptors (CLRs) (reviewed in Martin et
al., 2002, Cerutti et al., 2013, Garraud et al., 2012). MZ B-cells play a significant role in T-cell
independent responses to blood-borne pathogens; also, they transport antigens in immune

complexes from the marginal sinus to FO B-cells in the primary follicles (reviewed in Martin et



al., 2002, Cerutti et al., 2013). Another innate-like B-cell is B-1 B-cell. These B-cells are the main
B-cells population in the peritoneal and the pleural cavities; they are subdivided into B-1a (CD5)
and B-1b (CD5") B cells based on the expression of CD5. B-1 B-cells spontaneously secrete
polyreactive germline-encoded antibodies in the absence of exogenous antigens; these antibodies
form the natural antibody repertoire (Hayakawa et al., 1985, Baumgarth et al., 2011). The
mechanism leading to natural antibodies production is poorly understood; however, natural
antibodies are produced in the absence of antigenic stimulation, and they are generally of low
affinity. In addition to their ability to recognize self-antigens, they can bind exogenous antigens,
and therefore they provide the first line of adaptive defense against pathogens (reviewed in

Reyneveld et al., 2020).

A key feature of the humoral immune response is the production of BCR with an improved binding
affinity to the antigen as a result of AID-induced somatic hypermutations in the antigen contact
sites of the BCR and the subsequent selection of B-cells expressing higher affinity antibodies

(reviewed in Nicholson., 2016).

1.5. B-cells development and activation

1.5.1. Development of B-cells and the immunoglobulin genes

B-cells express membrane-bound immunoglobulins (Igs), also known as B-cell receptors (BCRs),
and they have the potential to secrete their surface receptors as antibodies (Abs) during an adaptive

immune response to foreign pathogens via alternative splicing. Igs are glycoproteins, and they



belong to the immunoglobulin superfamily (IgSF) (Williams et al., 1988). The basic Ab protein is
composed of two identical heavy chains (IgH) and two identical light chains (IgL); the two heavy
chains are linked to each other by a number of disulfide bonds, and each heavy chain is connected
to a light chain by disulfide bond. Each chain is composed of variable immunoglobulin domains
at the amino-terminal and several constant immunoglobulin domains arranged from the amino- to
the carboxy-terminal (e.g., CH1 and CH2: Fig.1.1) (Dreyer et al., 1965). The variable domains
recognize and bind the antigen, while the constant domains are relatively constant and define the
Ig isotype and effector functions. The heavy chain variable region gene is encoded by three
segments variable (V), diverse (D), and joining (J), and the light chain is divided into variable (V)
and joining (J) segments (Tonegawa, 1983). In mammals, the IgH locus has a translocon
configuration consisting of several VH segments followed by DH, JH gene segments, and the
constant (CH) regions. Similarly, their light chain has a translocon organization; however, it is

only encoded by VL, JL, and CL gene segments (Fig.1.1) (Tonegawa, 1983).

In mammals, within the primary lymphoid organ (e.g., fetal liver and adult bone marrow), B-cells
are generated from hematopoietic stem cells (HSCs), which give rise to multipotent progenitors
(MPPs). Subsequently, MPPs differentiate into lymphoid-primed multipotent progenitors
(LMPPs) and common lymphoid progenitors (CLPs). Transcription factors such as E box binding
protein 2A (E2A), Early B cell Factor-1 (EBF1), Paired box protein 5 (Pax5), and Ikaros direct
CLPs into B-cell developmental pathway and the initiation of VDJ recombination, the process by
which the diversity of the primary Ab repertoire is generated (Schatz et al., 1989, reviewed in

Ramirez et al., 2010).
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During VDIJ recombination, the exon of the variable regions is assembled; this process is initiated
by the recombination activating gene (RAG) proteins, RAG1 and RAG2. The activity of RAG
proteins is directed by the recombination signal sequence (RSS) flanking each V, D, and J gene
segment; at the 3° of V genes, 5’ of J genes and at both 5' and 3' in D genes. During the
recombination process RAG proteins bind and cleave the RSS. Subsequently, the free 3' hydroxyl
group in the broken single-stranded DNA (ssDNA) attacks the opposite strand and forms a
covalently sealed hairpin at the end of the gene segment. Palindromic nucleotides (P nucleotides)
are inserted when the hairpin ends are opened asymmetrically. Afterward, the broken ends are
joined by the classical non-homologous end joining (C-NHEJ) pathway. VDJ recombination
process occurs in a defined order; following the rearrangement of the immunoglobulin heavy chain
(IgH), recombination begins in the light chain (IgL), and the rearrangement of D-to-J precedes V-
to-DJ recombination (Schatz et al., 1989, reviewed in Schatz et al., 2011, Helmink et al., 2012,

Roth et al., 2015).

Overall, the variety of different antibody molecules can be achieved by randomly selecting
different germline of V, D, and J gene segments available for integration, as well as by the insertion
and deletion of different nucleotides at the V-D-J junctions by terminal deoxynucleotidyl
transferase (TDT) and exonucleases activity, respectively. An additional source of diversity results
from the various combinations of the heavy and light chains variable regions to form the antigen
contact site (Schatz et al., 1989, Nadel et al., 1997, Alt et al., 1982., reviewed in Di Noia et al.,

2007, Schatz et al., 2011).
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VDJ recombination allows each B-cell to produce its own unique BCR. As many as 10" different
antibody molecules can be generated by this process in humans and mice, and B-cells with low
avidity to self molecules migrate to the periphery (reviewed in Schroeder, 2006, Ubelhart et al.,
2015). B-cells with autoreactive antigen receptors undergo further rearrangement of the IgL and
possibly IgH through a process called receptor editing; however, if receptor editing results in high
avidity to self molecules, the cell remains in the bone marrow and dies by clonal deletion (reviewed
in Nemazee, 2006). Receptor editing and clonal deletion are part of B-cells central tolerance, which

occurs in the primary lymphoid organs during B-cell development (reviewed in Nemazee, 2017).

IgH and IgL. V domains can be divided into three hypervariable loops, called the complementarity
determining regions (CDRs), and four non-hypervariable regions of a comparatively constant
sequence named the framework regions (FWRs). The IgH V gene segment contains FWRI,
FWR2, FWR3, CDR1, CDR2, and the amino-terminal of CDR3, which also includes the IgH D
segment and the carboxy-terminal of the CDR3 is within the J region. FWR4 is entirely within the
IgH J gene segment. The three CDRs of the IgH chain are paired with the three CDRs of the IgL.
chain to form the antigen contact site in the Ig molecule (Fig.1.1; reviewed in Schroeder et al.,
2010). On the other hand, the FWRs form the support structure for the CDRs, and they maintain
the structural integrity of the Ig variable domain (Jones et al., 1986, Rada et al., 1991, Jacob et al.,

1993).

The constant region of the Ab molecule is generated by a single gene; in mammals, there are five

main classes of the heavy chain constant domain Igu (IgM), Igd (IgD), Igy (IgG), Iga (IgA), and

Ige (IgE) (reviewed in Schroeder et al., 2010). IgH constant (CH) region is responsible for a variety
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of effector functions such as complement fixation, Fc receptor binding, and the isotype of the Ig
(Tonegawa, 1983). The light chain constant (CL) region has two types: Kappa (k) and Lambda (L)
(Williams et al., 1988). During B-cell development, VH domain is expressed in association with
u heavy chain to produce IgM and then IgD (Igd) by alternative splicing, which allows co-
expression of IgM and IgD. Following the encounter with an antigen, depending on the type of
infection, the variable domain of the heavy chain can be associated with a different Ig constant

domain (i.e., IgG, IgA, and IgE) via class switch recombination (reviewed in Yu et al., 2019).

IgM is present in all vertebrates, and it is the most conserved Ig isotype. Naive B-cells express
monomeric IgM on their cell surface upon stimulation with an antigen multimeric IgM is secreted
via alternative splicing. Multimeric IgM functions by opsonizing (coating) pathogens for
destruction and complement activation (reviewed in Schroeder et al., 2010). A subset of B-cells is
IgD"IgM", secreted IgD binds to bacteria and viruses and their microbial virulence factors. In
addition, IgD binds to basophils and mast cells; this binding leads to the activation of these cells
and the release of antimicrobial factors (reviewed in Chen et al., 2011, Schroeder et al., 2010). In
mammals, the predominant Ig isotype in the body is IgG; there are four IgG subclasses (IgGl1,
IgG2, IgG3, and IgG4). These subclasses have different functional activities, including
complement activation, opsonization of antigens, and neutralization of viruses and toxins
(reviewed in Schroeder et al., 2010). While an immune response to protein antigens is generally
associated with IgG1 and IgG3, IgG2 and IgG4 are induced in response to polysaccharide antigens
(reviewed in Schroeder et al., 2010). Dimeric IgA is the predominant Ig isotype in mucosal
surfaces and secretions; using polymeric forms of IgA and the poly-Ig receptor (pIgR) that is

constitutively expressed at the basolateral side of mucosal epithelial cells, IgA is transported to the
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apical side of the cells and released into the lumen (reviewed in Corthesy, 2013, Schroeder et al.,
2010). IgA plays a significant role in the immune defense at these surfaces by neutralizing
microbes such as viruses and bacteria and thus preventing them from penetrating the mucosal
barrier (Mestecky et al., 2005). IgE is associated with allergic reactions and the response to
parasitic infections and animal venoms. Furthermore, IgE binds to FceRI, expressed on immune
cells such as mast cells, basophils, and eosinophils, which leads to degranulation and the release
of proinflammatory mediators, and the recruitment of immune cells to the site of infection

(reviewed in Sutton et al., 2019, Schroeder et al., 2010).
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Figure 1.1. Schematic overview of the mammalian immunoglobulin gene organization and
antibody molecule. Germline gene segments of the heavy and light chains are assembled by VDJ
recombination; during this process, insertion and deletion of different nucleotides occur at the V-
D-J junctions by terminal deoxynucleotidyl transferase and exonucleases (asterisk). Antibody
molecules are composed of two identical heavy chains and two identical light chains; disulfide
bonds link the two heavy chains to each other and to the light chains. Each chain is composed of
variable (V) and constant (C) immunoglobulin domains. CDRH and CDRL form the antigen
contact site of the antibody molecule. V, variable. D, diverse. J, joining. CDR, complementarity

determining regions. (Adapted from Feederle and Schepers, 2017).
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1.5.2. B-cell activation

Mature naive B-cells leave the bone marrow to the periphery and populate the secondary lymphoid
organs such as the spleen and lymph node. These cells express a plasma membrane-bound Ig,
termed the B-cell receptor (BCR); they co-express IgM and IgD, with identical antigen-binding
domains on their surface via a splicing mechanism (reviewed in Cyster et al., 2019, Stebegg et al.,
2018). Lymphocytes entering the spleen pass through the MZ, which contains MZ macrophages
and MZ B-cells. Chemokines secreted by fibroblastic reticular cells within the lymphoid white
pulp direct the movement of lymphocytes into the white pulp. The chemokine ligand 13 (CXCL13)
is a secreted cytokine made by follicular dendritic cells (FDCs), and it is highly abundant in the
B-cell follicles; it binds to cell-surface C-X-C chemokine receptor type 5 (CXCRS) and guides the
migration of CXCRS5 expressing B-cells into B-cell follicles. T-cell localization to the T-cell zone
which is also called the periarteriolar lymphoid sheath (PALS), is mediated by the expression of
CC-chemokine receptor 7 (CCR7), the receptor for CCL19 (C-C Motif Chemokine Ligand 19)
and C-C Motif Chemokine Ligand 21 (CCL21) expressed by fibroblastic reticular cells (FRCs)

(reviewed in Cyster et al., 2019).

B-cell antigens are divided into T-cell independent and T-cell-dependent antigens based on their
ability to induce B-cells proliferation and differentiation. T-cell independent antigens are classified
as either T-cell independent type 1 or T-cell independent type 2 antigens. While T-cell independent
type 1 antigens trigger signal transduction in B cells via PRR such as toll-like receptors (TLRs),
which recognize pathogen-associated molecular patterns (PAMPs), T-cell independent type 2

antigens can stimulate B-cells to synthesize antibodies without T-cell help by extensive
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crosslinking of the BCR. On the other hand, antigens with diverse epitopes such as proteins are T-
cell-dependent antigens and can only activate B-cells to synthesize specific antibodies in the

presence of T-cell help (reviewed in Song et al., 2019, Allman et al., 2019, Cyster et al., 2019).

The engagement with a T-cell-dependent soluble antigen or antigen presented by professional
antigen-presenting cells (APCs) primarily by FO B-cells in the follicles results in BCR-mediated
signaling and initiates B-cell activation, which promotes Ag internalization. This is followed by
intracellular degradation of the antigen in the endosomal compartments and the generation of
peptides that are presented on the B-cells surface via MHC class II molecules. These B-cells
upregulate CCR7 and Epstein-Barr virus-induced receptor 2 (EBI2) and move to the T- and B-cell
zones border, where they receive cognate help from antigen-specific CD4" T-cells. In addition,
activated B-cells maintain their CXCRS expression to prevent their complete entry into T-cell
zones (reviewed in Stebegg et al., 2018, Song et al., 2019, Biram et al., 2019). Antigen-specific
CD4" T-cells can be activated by antigen-presenting cells such as DCs; upon stimulation through
their TCR, co-stimulatory molecules and cytokines produced by DCs such as inducible T-cell co-
stimulator ligand (ICOSL) and IL-6, these activated T-cells differentiate to pre- T follicular helper
(Tth) cells and rapidly upregulate the expression of CXCRS, inducible T-cell co-stimulator
(ICOS), programmed cell death-1 (PD-1), and the transcription factor B-cell lymphoma 6 (Bcl6).
These early pre-Tth cells then move to the border of the T-cells and B-cells zones, where they
recognize the peptide: MHC II complex via the TCR and form a stable synapse with their cognate
B-cells (Garside et al., 1998, reviewed in Song et al., 2019). These synapses are essential for pre-
Tth cells to maintain their Tth phenotype. Several molecules are involved in these synapses,

including CD40, which is expressed by B-cells and binds to CD40L upregulated by pre-Tth cells.
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CDA40L is a member of the tumor necrosis factor (TNF) family; it is essential for T-cell-dependent
immune response and germinal center formation (Kawabe et al., 1994, reviewed in Verstegen et
al., 2021, Song et al., 2019). Another molecule is the ICOS, expressed by pre-Tth cells and binds
its ligand, ICOSL, expressed by B-cells; ICOS helps form a stable immunological synapse between
B- and T-cells. Ultimately, these immunological synapses stimulate B-cell proliferation and
differentiation and the development of pre-Tth cells into effector Tth cells (reviewed in Cyster et

al., 2019, Biram et al., 2019, Stebegg et al., 2018).

A subset of these fully activated B-cells retains their EBI2 expression and differentiate into
extrafollicular plasmablasts, which secrete antibodies that may have a relatively low affinity for
the foreign antigen. These cells are short-lived, and somatic hypermutation can be induced only at
a low level during the extrafollicular response; nevertheless, they provide a rapid initial immune
response (a few days after the first antigen detection) (McHeyzer-Williams et al., 1993, reviewed
in Elsner et al., 2020). Activated B-cells can also differentiate to early memory B-cells; these cells
are like intrafollicular memory B-cells, quiescent and long-lived (Inamine et al., 2005).
Alternatively, activated B-cells upregulate Bcl6 and downregulate the expression of EBI2 to renter
the follicle and commit to the germinal center (GC) formation. Studies have shown that the fate of
these activated B-cells is determined by their binding affinity to the exogenous antigen and,
consequently, the interactions between pre-Tth and B-cells. B-cells with a relatively higher affinity
differentiate toward plasmablasts, while cells with lower binding affinity differentiate toward
memory B-cells or GC B-cells (reviewed in Hoffman et al., 2016, Batista and Harwood, 2009,

Verstegen et al., 2021).
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1.5.3. The germinal center reaction

The germinal center reaction is also referred to as antibody affinity maturation. A hallmark of the
humoral immune response is the production of plasma cells secreting high-affinity class-switched

antibodies and long-lived memory B-cells.

GCs form within B-cell follicles in the secondary lymphoid organs; these follicles also contain
follicular dendritic cells (FDCs). Unlike other immune cells, FDCs are non-hematopoietic, and
derive from ubiquitous perivascular precursors (Krautler et al., 2012). FDCs are non-migratory
cells and express complement and Fe receptors such as CR1, CR2, and FcyRIIB in addition to high
levels of the adhesion molecules vascular cell-adhesion molecule 1 (vVCAMI) and intercellular
adhesion molecule 1 (ICAMI). Their ability to retain antigens for a long term in the form of
antibody and complement immune complexes provides the first selection step for GC B-cells
(reviewed in Allen et al., 2008). These immune complexes are transported to the follicle by
subcapsular sinus (SCS) macrophages in the lymph node and non-cognate B-cells in a BCR-
independent way using complement receptors CR1 and CR2 (Phan et al., 2009, reviewed in Batista
and Harwood, 2009). In addition, FDCs enhance the engulfment of apoptotic cells by macrophages
within the GC by secreting phosphatidylserine-specific opsonin milk fat globule epidermal growth
factor 8 (MFGESR), which coats dying GC B-cells (Kranich et al., 2008). FDCs within the primary
follicles and GCs also produce B-cell activating factor (BAFF), which is required for maintaining
B-cells homeostasis and enhancing the survival of B-cells within the GC (Lesley et al., 2004,

reviewed in Allen et al., 2008).
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Following the initial contact of B- and T-cells at the border of the T- and B-cells zones, a few
activated B- and T-cells migrate to the primary follicle. Typically, a subset of activated B-cells
nucleates a follicle, and each of these cells will have its own unique VDJ sequence. Once there, B-
cells alter their gene expression profiles and are referred to as centroblasts. Centroblasts are highly
proliferative, though they downregulate Ab production and upregulate AID expression (reviewed
in Verstegen et al., 2021). The centroblasts become so plentiful, at this point, the aggregate is
referred to as a secondary follicle and later as a germinal center. During the proliferation of
centroblasts, resident naive follicular B-cells are pushed aside to form the mantle zone around the
GC. Based on their histological appearance, GCs are organized into a dark zone (DZ) and a light
zone (LZ) (Fig.1.2) (Rohlich et al., 1930, reviewed in Verstegen et al., 2021). The DZ contains
centroblasts (DZ B-cells) and CXCL12-expressing reticular cells, and the LZ contains centrocytes
(LZ B-cells), FDCs, and Tfh cells (Fig.1.2). Centroblasts and centrocytes differ in their
transcriptional program; centroblasts express high levels of AID and CXCR4 (chemokine receptor
for CXCL12), while centrocytes express a low level of CXCR4 and a high level of activation
markers (CD83 and CD86) and CXCRS5 (reviewed in De Silva et al., 2015). GC Tth cells express
higher levels of CXCRS, PD-1, Bcl6, IL-21, and IL-4 compared to extrafollicular Tth, and they
play a significant role in the selection of B-cells expressing high-affinity antibodies through the
interaction with cognate peptide antigen on MHC II molecules using their T-cell receptor (TCR)
(reviewed in Biram et al., 2019). Recently, it has been shown that IL-21 secreted by Tth plays a
significant role in maintaining the GC zones distribution by promoting the proliferation of LZ B-
cells, the DZ is smaller in size in the absence of IL-21, and the LZ is enlarged due to the
accumulation of LZ B-cells (Zotos et al., 2021). Tth cells secreted 1L-4 and IL-21 direct the

movement of B-cells within the GC; IL-4 is essential for the development of centroblasts to
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centrocytes, whereas IL-21 promotes the progress of centrocytes to centroblasts (reviewed in

Wishnie et al., 2021).

Within the DZ, AID expressed in the centroblasts causes somatic hypermutations (SHM) in the
VDJ exon and the surrounding introns predominantly in the complementarity-determining regions
(CDRs) to change (and potentially enhance) their antibodies' binding affinity to the exogenous
antigen. Centroblasts that acquire deleterious mutations, mainly mutations that result in a
frameshift or a stop codon, and fail to replace their surface BCR are removed by apoptosis in the
DZ. Centroblasts with modified BCRs move to the LZ using CXCRSY, the receptor for CXCL13
that is secreted by FDCs, where they again alter their gene expression and express membrane
antibodies (reviewed in De Silva et al., 2015, Mesin et al., 2016, Biram et al., 2019). Centrocytes
are non-proliferating B-cells and may have altered antigen-binding abilities due to the mutations.
Within the LZ, centrocytes compete for a limited number of antigens trapped on the surface of
FDC:s; this provides the first step in the positive selection of GC B-cells. Centrocytes with high
affinity for the antigen endocytose it and present it via class I MHC to Tth cells, from which they
receive survival signals. As a result, centrocytes with a higher affinity for the antigen present a
higher density of peptide-MHC II complexes and hence receive a higher share of T-cell help and
subsequently positive selection (Fig.1.2; reviewed in De Silva et al., 2015, Mesin et al., 2016).
Interestingly, recent studies have shown that the GC is a more dynamic structure, where B-cells
cycle between both zones. In addition, B-cell division was observed in both the dark and light
zones during real-time imaging of GCs, which indicates that the DZ and LZ compartments are not

as discrete as previously thought (reviewed in Allen et al., 2007, Wishnie et al., 2021).
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The interaction between B-cells and Tth cells is facilitated by co-stimulatory molecules and
cytokines such as ICOS-ICOSL, CD40-CD40L, IL-4, and IL-21; interestingly, the duration of the
contact between Tth cells and GC B-cells is shorter than that between Tth cells and extrafollicular
B-cells (reviewed in Allen et al., 2007). Selected cells can return to the DZ for more SHM and
proliferation; cells with intermediate affinity recycle to the DZ for further SHM and affinity
maturation. It has been shown that the degree to which B-cell proliferates and acquires mutations
once it re-enters the DZ depends on the amount of antigen a centrocyte presents to Tth cell within
the LZ (Li et al., 2018, reviewed in De Silva et al., 2015, Mesin et al., 2016, Verstegen et al.,
2021). Alternatively, selected cells can undergo a phase of proliferation, and daughter cells will
differentiate into memory cells which recirculate through the blood and the lymphoid organs and
respond quickly upon the recurrence of the antigen months later. Some cells can become long-
lived antibody-secreting plasma cells with up to 1000-fold higher affinity for their cognate antigen
than the original B-cell that entered the GC (Fig.1.2). These plasma cells migrate to the bone
marrow, where they may survive for years and provide long-term protection. Studies have shown
that GC B-cells with higher affinity preferentially differentiate into long-lived plasma cells,
whereas GC-derived memory B-cells are composed of cells with relatively lower affinity for the
antigen. In addition, cytokines secreted by Tth cells (IL-4 or IL-21) stimulate the fate
determination of positively selected GC B-cells; intriguingly, Tth cells with a higher density of
CDA40L express IL-4 which promotes plasma cell differentiation (Ise et al., 2018, reviewed in De

Silva et al., 2015, Mesin et al., 2016, Magor, 2015, Verstegen et al., 2021).

Of note, SHM is a random process and can result in damaging mutations to the affinity of the Igs

or even stop codons; likewise, SHM can lead to the production of B-cells secreting antibodies that
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target self-antigens. These unwanted B-cells undergo pre-programmed apoptosis, a major feature
of the B-cell program in the GC. GC B-cells have low expression levels of anti-apoptotic proteins
such as BCL-2 and BCL-XL and high levels of the proapoptotic regulators BIM and Fas (CD95);
therefore, they are prone to apoptosis, and the absence of survival signals result in their death
(death by neglect; reviewed in Gatto et al., 2010). It was found that self-reactive GC B-cells can
be successfully cleared when self-antigen is expressed nearby the GC microenvironment. While
the deletion mechanism is not fully understood, it has been suggested that B-cells with strong BCR
cross-linking alone die by apoptosis in the absence of co-stimulation signal (reviewed in Ise et al.,
2019). Recently, it was demonstrated that apoptosis occurs in both the DZ and the LZ; while B-
cells with non-functional Ig genes die in the DZ, B-cells in the LZ die in the absence of positive
selection (Mayer et al., 2017). Apoptotic cells are rapidly cleared by tingible body macrophages
(TBMs); TBMs are large macrophages that reside in the GCs within the secondary lymphoid
organs and actively phagocytose B-cells labeled with MFGES, which binds to both apoptotic cells
using aminophospholipids such as phosphatidylserine and to integrins expressed by phagocytes
(Gitlin et al., 2014, Kranich et al., 2008, Hanayama et al., 2002, reviewed in MacLennan et al.,

1986).
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Figure 1.2. A mammalian germinal center reaction. Antigen-activated B-cells form the
germinal center, in which they differentiate into highly proliferative centroblasts. During
proliferation, centroblasts upregulate the expression of activation-induced cytidine deaminase
(AID), which induces somatic hypermutations (SHM) in the VDJ exon to alter their antibodies
affinity to the exogenous antigen. B-cells with non-functional Ig genes die in the DZ by apoptosis.
Modified cells move from the dark zone to the light zone and begin again to express membrane
antibodies. These cells, now referred to as centrocytes, may have altered antigen-binding abilities,
and they compete for a limited number of intact antigens retained on the surface of follicular
dendritic cells (FDCs). Centrocytes with high affinity for the antigen endocytose it and present it
via major histocompatibility complex class II (MHC 1II) to T follicular helper cells (Tth).
Centrocytes with a higher affinity for the antigen present a higher density of peptide-MHC
complexes and hence receive a higher share of T cell help through co-stimulatory molecules and
cytokines and subsequently positive selection. Selected cells can return to the dark zone to undergo
more SHM and proliferation. Selected centrocytes eventually differentiate into memory B-cells or
plasma cells. Unsuccessful B-cells undergo pre-programmed apoptosis (adapted from Verstegen

et al., 2021).
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1.6. Activation induced cytidine deaminase (AID)

AID was discovered in 1999 by Tasuku Honjo’s group using cDNA subtraction method after
stimulating B-lymphocyte cell line (CH12F3) (Muramatsu et al., 1999). AID belongs to the
Apolipoprotein B mRNA Editing Catalytic Polypeptide-like (APOBEC) family of RNA/DNA
editing enzymes; it plays a significant role in diversifying B-cells within the GC, using AID
knockout mice, studies have shown that AID is essential for both SHM and CSR (Muramatsu et
al. 2000, reviewed in De Silva et al., 2015). Afterward, using chicken DT40 B lymphoma cell line,
it was revealed that AID is essential for gene conversion (Arakawa et al., 2002). Initially, due to
the sequence homology between AID and APOBEC1, mRNA-editing cytidine deaminases, it was
thought that AID edits mRNA; subsequently, it became clear that AID deaminates cytidines (to
uracils) in ssDNA, exposed during transcription (Di Noia and Neuberger, 2002, reviewed in

Methot and Di Noia, 2017).

There are four conserved protein domains of AID, including nuclear localization signal (NLS) in
the amino-terminal, catalytic domain, APOBEC-like domain, and nuclear export signal (NES) in
the carboxy-terminal. These domains play a significant role in the function and regulation of AID
by targeting specific cofactors, the carboxy-terminal is essential for CSR, and the amino-terminal

is required to induce SHM (reviewed in Choudhary et al., 2018).

Interestingly, two cytidine deaminases designated CDA1 and CDA2 (cytidine deaminase 1 and 2)

are present in lamprey (a jawless vertebrate; reviewed in McCurley et al., 2012). CDA1 and CDA2

generate the diversity of the variable lymphocyte receptors (VLRs) on the surface of lymphocyte-
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like cells by a gene-conversion-like mechanism during lymphocyte development (reviewed in
Sutoh et al., 2021). These deaminases have significant sequence homology to AID, which indicates
that AID/APOBEC family members might have evolved from an ancient cytidine deaminase in
the common vertebrate ancestor before the divergence of jawless and jawed vertebrates (reviewed
in Trancoso et al., 2020). Additionally, several AID/APOBEC-like genes are present in the genome
of the invertebrate, including echinoderm Strongylocentrotus purpuratus and the brachiopod
Lingula anatina (reviewed in Trancoso et al., 2020). Phylogenetic analyses of the invertebrates
AID/APOBEC-like genes revealed that these proteins cluster with the sea lamprey CDA2,
indicating that CDAZ2 is more ancient than CDA1. Interestingly, it appears that the expression of
AID/APOBEC-like genes in S.purpuratus is induced in response to pathogens, suggesting that
these proteins are involved in the innate immune mechanisms, similar to APOBEC3 in mammals

(reviewed in Knisbacher et al., 2016, Trancoso et al., 2020).

1.6.1. Regulation of AID

AID expression is tightly regulated at the transcriptional level by several proteins that can enhance
or repress the expression of AID by binding to different regulatory regions within and around
activation-induced cytidine deaminase (4icda) gene, which encodes AID enzyme. A complex
regulatory network regulates AID expression at the transcriptional level in mammals. It has been
shown that AID transcription is regulated by four regions: Region 1 is located immediately
upstream of the transcription start site (TSS), and it contains enhancer elements such as Sp-binding
sites and a HoxC4-Oct motif, and weak suppressor element binding sites. Region 2 is within the

first intron, and it also has both positive (Pax5-binding site and E-boxes) and suppressor element
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binding sites. When combined, regions 1 and 2 suppress the expression of AID. Region 3 is located
17 kb downstream of Aicda gene, and it is required for AID expression in vivo; it has binding sites
for Basic leucine zipper transcription factor (Batf), which controls CSR in B-cells (Tran et al.,
2010). Lastly, region 4 is located upstream of AID promoter; it contains binding sites for NF-kB,
STAT6, and Smad3/4 which are response elements for CD40L, IL-4, and TGF-B, respectively (Ise

etal., 2011, reviewed in Zan et al., 2013).

AID is also regulated at the post-transcriptional level by the activity of micro RNAs (miRNAs).
Five miRNAs, miRNA-93, miRNA-155, miRNA-361, miRNA-29b, and miRNA-181b, have been
shown to repress the expression of human AID by targeting the mRNA encoding AID (Borchert
et al., 2011, reviewed in Rios et al., 2020). Post-translational regulation of AID expression is
mediated by protein kinases such as the Protein Kinase A (PKA). AID can be phosphorylated at
serine-3 (Ser3), serine-38 (Ser38), threonine-140 (T140), and tyrosine-184 (Tyrl184);
phosphorylation can result in upregulation or downregulation of AID activity depending on which
amino acid is phosphorylated (reviewed in Xu et al., 2007, Zan et al., 2013, Choudhary et al.,
2018). In addition, AID activity is limited to early G1 phase of the cell cycle when the chromatin

is decondensed, and thus it is regulated by the cell cycle (Wang et al., 2017).

AID is shuttled between the nucleus and cytoplasm by the nuclear localization signal (NLS) and
nuclear export signal (NES) located in the amino and carboxy termini, respectively, and it is mainly
localized in the cytoplasm; heat shock protein 90 (Hsp90) and elongation factor 1o (eEF1A)
stabilize and keep AID in the cytoplasm. In addition, AID loses its stability within the nucleus

and 1s targeted for proteasomal degradation (Ito et al., 2004, reviewed in Zan et al., 2013).
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1.6.2. Function of AID

AID expression is required in B-cells to undergo SHM (non-templated mutation) and gene
conversion (templated mutation) to diversify the secondary antibody repertoire and change the
antigen-binding specificity in repones to antigenic stimulus; in addition, AID mediates CSR to
alter the effector function of the antibody (Harris et al., 2002, Okazaki et al., 2002, Muramatsu et
al. 2000, Arakawa et al., 2002, reviewed in Di Noia and Neuberger, 2007). AID inactivation
completely blocks SHM, gene conversion, and CSR. In addition, previous studies have shown that
the size of the GC and the number of GC B-cells increase in the absence of AID (Arakawa et al.,

2002, reviewed in Wishnie et al., 2021).

In some species, including sheep, chickens, and rabbits, AID is involved in diversifying the
primary antibody repertoire in an antigen-independent manner. While chickens use AID-mediated
gene conversion solely to diversify their primary repertoire, rabbits utilize both gene conversion
and SHM (reviewed in Lanning and Knight, 2015). In sheep, although at low rates, AID-induced
SHM contributes to the diversity of the pre-immune antibody repertoire (reviewed in Jenne et al.,
2006). Interestingly, in the nurse shark, AID is used to diversify the primary af3 T-cell repertoire
by inducing SHM in the TCRa during thymic development (Ott et al., 2018). Subsequently, it has
been shown that SHM contributes to the diversity of both TCR& and TCRYy in addition to TCRa in

the nurse shark (Ott et al., 2020).
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AID plays a significant role in epigenetic modifications via DNA demethylation; it has the ability
to deaminate 5-methylcytosine (SmC) in single-stranded DNA. This deamination process results
in a thymine base opposite to guanine, the repair of the T: G mismatch leads to demethylation
(reviewed in Dominguez et al., 2014). AID mRNA expression level is relatively high in oocytes
and pluripotent stem cells; these cells can undergo epigenetic modifications, which indicates that
AID plays a role in epigenetic reprogramming during development (Morgan et al., 2004).
Furthermore, the depletion of AID /APOBEC enzymes in zebrafish embryos decreased DNA
demethylation. On the other hand, overexpression of AID and MBD4 (a glycosylase that removes
the thymine from a T: G mismatch during the repairing process) resulted in a widespread DNA
demethylation of the embryo genome (Rai et al., 2008, Popp et al., 2010, reviewed in Dominguez

et al., 2014).

Studies in mice and humans have shown that AID expression is crucial for B-cell central tolerance
in both fetal liver and adult bone marrow. In the bone marrow, the expression of AID is thought
to be induced in immature B-cells that express autoreactive BCRs and are undergoing receptor
editing to undergo further rearrangement; if receptor editing results in autoreactive B-cells
mutations induced by AID promote cell death and the deletion of autoreactive B-cells (Kuraoka et
al., 2011, Cantaert et al., 2015). It has been suggested that AID-induced DNA lesions activate p53
function; P53 senses multiple types of DNA damage and leads to cell death (apoptosis; Cantaert
et al.,, 2015). AID-deficient patients have impaired B-cell central tolerance because of their

inability to remove developing autoreactive B-cells (Cantaert et al., 2015).

1.6.3. AID targeting
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AID induced mutations are confined to a 1-2 kb downstream of the transcription start site in the
Ig gene, and although the mechanism by which AID preferentially targets IgV or the switch (S)
region for mutations is not fully understood, targeting can be attributed to different characteristics
of the Ig gene (reviewed in Choudhary et al., 2018). Studies have shown that Ig super-enhancers
increase AID activity; super-enhancers are 15-fold longer than typical enhancers, and they are
mainly linked with highly transcribed genes (Whyte et al., 2013). These highly active enhancers
result in higher chromatin accessibility of the associated genes, which provides a
microenvironment suitable for AID activity (Qian et al., 2014). In addition, evolutionarily
conserved elements in the Ig enhancers and enhancer-like elements known as Diversification
Activator (DIVAC) efficiently target SHM to the Ig genes. DIVAC elements have multiple
transcription factor binding sites; these sites are required for SHM targeting (Buerstedde et al.,
2014). In addition to transcription, transcription stalling plays a key role in AID recruitment to its
target. Upon transcription stalling, RNA polymerase II (RNAPII) remains associated with its
processivity factor SPTS, which recruits AID and facilitates AID-RNAPII interaction.
Interestingly, AID targets in the IgV and S regions are associated with stalled RNAPII and SPTS5,
which provides ssDNA for AID (Pavri et al., 2010, reviewed in Feng et al., 2020). Despite being
nonessential, the IgV promoter enhances the efficiency of AID-mediated mutations (Shu et al.,
2006). In addition, the high frequency of sequence motifs referred to as AID hotspot motifs (WRC/
GYW, where W = A/T, R = A/G, and Y = C/T) in the IgV region and S region plays a critical role

in recruiting AID (Zheng et al., 2005, reviewed in Choudhary et al., 2018).
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AID off-target activity is also associated with highly transcribed genes and genes with super-
enhancers that control the expression of several oncogenes (Lovén et al., 2013). Aberrant AID
activity in the B-cell genome can target non-Ig genes, which causes reciprocal chromosomal
translocation that frequently involves the Ig loci. It has been shown that abnormal AID activity
targets multiple loci, including several proto-oncogenes involved in cell proliferation and
apoptosis, such as Bcl2, Myc, BCL6, and ID3. AID off-targeting of these genes leads to human B-
cell lymphomas such as Burkitt’s lymphoma (translocation between IgH locus and c-myc) and
Diffuse Large B-Cell Lymphoma (translocation between IgH and BCL2; Lohr et al., 2012,
reviewed in Ramiro et al., 2004). In addition, dysregulation of AID activity can lead to non-
lymphoid cancers, including pancreatic cancer, urothelial carcinoma, and breast cancer, by
promoting the expression of genes associated with cancer progression through DNA demethylation

(Yokoyama et al., 2016, Li et al., 2019).

1.7. Somatic hypermutation (SHM) within the dark zone

In humans and mice, the diversity of the secondary antibody repertoire is achieved primarily by
SHM, this mutation process is initiated by AID, and both base excision repair (BER) and mismatch
repair (MMR) pathways are involved in processing the uracils generated by AID (reviewed in
Pilzecker et al., 2019). For reasons not fully understood, these repair pathways are directed to
promote mutagenesis during SHM (reviewed in Feng et al., 2020). SHM is induced in the variable
region of the IgH and IgL genes by up to 10°-10°-fold greater than the normal rate of mutation
within the rest of the genome, up to 10 to 10~ per base per division (reviewed in Liu et al., 2009).

All four bases, including cytosine (C), guanine (G), adenine (A), and thymine (T), are targeted for
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mutations, and both coding and noncoding strands are targeted for mutations (Maul et al., 2011).
A previous study has shown that about 58 % of AID induced uracils were found in the non-
transcribed strand, and 42 % of the uracils were observed in the transcribed strand (Maul et al.,
2011). During SHM, transition (change from a purine to purine or from pyrimidine to pyrimidine)
is favored over transversion (changes between purines and pyrimidines), with a ratio of transitions
to transversions higher than the theoretical ratio (1:2) if mutations occurred randomly. In addition,
during SHM motifs known as hotspot motifs (WRC/ GYW, WA/ TW, where W = A/T, R = A/G,
and Y = C/T) accumulate more mutations compared to regular motifs (Rada et al., 2002, Zheng et
al., 2005, reviewed in Di Noia et al., 2007). Interestingly, in the human Ig variable region, hotspot
motifs are preferentially found in the CDRs, where replacement mutations are predominantly
found to maximize the number of amino acid changes and perhaps alter the antigen-binding
affinity. Also, amino acids that are encoded by only one or two codons, not four, are enriched in
the CDR. Conversely, hotspot motifs are avoided in the structurally conserved FWRs, and the
mutations found in FWRs are mostly silent after selection (Wagner et al., 1995, Kepler, 1997,

Zheng et al., 2005).

Though centroblasts do not express surface antibodies within the DZ of the GC, they do transcribe
their Ig genes. Within the transcription bubble, AID binds single-stranded DNA (ssDNA) and
deaminates deoxycytidine (dC) preferentially within a WRC into deoxyuracil (dU); causing dU:
dG mismatch. If not repaired, DNA replication over U, which is not a replication blocking lesion
in the DNA molecule, using any DNA polymerase results in C to T transition due to the similarity
between U and T, which will lead to C: G to T: A transition (Fig.1.3). During SHM, the irregular

(U) base can be recognized in the DNA and processed by either the base excision repair (BER) or
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noncanonical mismatch repair (ncMMR) pathways (Di Noia et al., 2002). It is believed that BER
generates the majority of the mutations at C and G bases, and ncMMR pathway is responsible for

most of the mutations at A and T nucleotides (reviewed in Neuberger et al., 2007).

During the BER pathway, deoxyuridine is excised from the DNA by uracil-DNA glycosylase
(UNG), a component of the BER, and it is the glycosylase involved in SHM. This process results
in an abasic site, translesion synthesis (TLS) polymerases such as Revl, polymerase {, and
polymerase 1 are recruited to bypass the non-instructive site; these polymerases lack proof-read
activity and copy DNA with a lower fidelity which leads to transversions and transitions (Fig.1.3).
However, Revl only inserts deoxycytidine monophosphate (dCMP) into DNA, and it is
responsible for most G: C transversion mutations during SHM (Nelson et al., 1996, reviewed in
Bahjat et al., 2017, Feng et al., 2020). It has been shown that monoubiquitination of the DNA
sliding clamp proliferating cell nuclear antigen (PCNA) at lysine K164 (Ubi-PCNA) plays a
significant role in recruiting TLS polymerases during SHM (Kannouche et al., 2004). The abasic
site can be recognized and cleaved by other components of the BER, apurinic/apyrimidinic
endonuclease (APE1 and APE2; Fig.1.3), which creates a nick in the phosphodiester backbone,
then again Revl fills the nick to create mutations at C and G bases (reviewed in Krokan et al.,
2013, Yuetal., 2019). Interestingly, in wild-type mice (UNG™"), SHM resulted in more nucleotide
transitions (65 %) than transversions, and in UNG™" mice, mutations significantly shifted to
transitions (95 %) at dC/dG. However, UNG”~mice have a normal mutation frequency at A/T pairs
(Rada et al., 2002). During accurate genomic uracil repair, the removal of uracil by UNG is
followed by an incision at the abasic site by APE1. Then DNA polymerase f fills the gap, and

DNA ligase 3 or 1 seals the nick (reviewed in Krokan et al., 2013).
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Alternatively, dU: dG mismatch can be recognized by MSH2/MSH6 mismatch recognition
heterodimer, a component of the ncMMR machinery; afterward, a nick is made by PMS2 and
MLHI1 endonuclease complex, this nick provides an entry point for exonuclease-1 (Exol), and a
gap will be generated and extended by removing the mismatch and adjacent nucleotides (Bardwell
et al., 2004). Then the gap is resynthesized by error-prone polymerases such as POLH, also known
as pol n, a member of the Y-family of DNA polymerases. Pol 1) is responsible for most mutations
at A: T and preferentially targets WA/TW for mutations on the non-transcribed and transcribed
strands, respectively, and generates twofold more mutations of A than T by inserting G opposite
T on the transcribed strand (Fig.1.3; Mayorov et al., 2005, reviewed in Pilzecker et al., 2019).
Noticeably, patients with xeroderma pigmentosum variant (XP-V) disease who lack pol n have a
significant decrease in mutations at A: T; however, the number of mutations at C: G increased,

and the overall mutation frequency is normal in these patients (Zeng et al., 2001).

In addition, the ncMMR pathway can process the nick generated by the BER pathway. Exol is
activated by components of the ncMMR and a 5’ gap, and it creates and extends patch of ssDNA
from the incision made by APE2; subsequently, pol 1 fills the DNA gap. While mutations at A/T
pairs slightly reduced in APE2”" mice a dramatic reduction in mutations at A/T pairs was found in

mice that lack both UNG and APE2 (Stavnezer et al., 2014, reviewed in Pilzecker et al., 2019).

Of note, a small number of mutations occur in B-cell Ig genes from patients who lack the

expression of AID; however, WRC/GYW and WA/TW motifs are not targeted for mutations, and

the mutations were significantly biased toward transitions which suggest that AID is involved in
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the recruitment of polymerase n and UNG. Furthermore, the mutations were predominantly at G/C
nucleotides, and it is believed that these mutations are caused by spontaneous cytidine deamination

(Longo et al., 2008).
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Figure 1.3. Schematic overview of antibody diversification by AID-mediated cytidine
deamination and the subsequent repair mechanisms. Within the transcription bubble, AID
binds single-stranded DNA (ssDNA) and deaminates C into U, causing U: G mismatch. DNA
replication over U results in C to T and G to A transitions. The removal of the U during the
repairing process by uracil-DNA glycosylase (UNG) will lead to the generation of an abasic site;
replication opposite to the abasic site will lead to transitions or transversions. The abasic site can
be recognized and cleaved by apurinic/apyrimidinic endonuclease (APE), which creates a nick in
the phosphodiester backbone. The resulting single-stranded break (SSB) could directly result in
gene conversion in which pseudogenes upstream of the rearranged IgV are used as donors for
sequences. Incisions on opposite strands could lead to DSBs. Reinsertion of cytidine by high
fidelity DNA polymerases will repair the lesion. U: G can be recognized by MSH2/MSH6, a
component of the noncanonical mismatch repair (ncMMR) pathway, which will lead to A/T
focused mutations. ncMMR pathway can also lead to CSR (adapted from Saunders, PhD thesis, U
of A, 2020, reviewed in Pilzecker et al., 2019, Di Noia et al., 2007).
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1.8. Gene conversion (GCYV)

Gene conversion (GCV) is a non-reciprocal exchange of gene segments between a donor and
recipient homologous DNA sequences (reviewed in Helleday et al., 2003). Some species use GCV
with or instead of SHM to diversify their Ig genes. Species such as birds, rabbits, cows, and pigs
have limited functional V genes to diversify their variable domain of the heavy and light chains;
however, they have a large number of V pseudogenes (¥V) (reviewed in Choudhary et al., 2018).
These pseudogenes are used as a donor sequence during GCV. GCV depends almost exclusively
on the BER pathway of the irregular U: G mismatch, inhibition of UNG reduces GCV events in
the chicken DT40 B lymphoma cell line (Di Noia et al., 2004). In addition, GCV requires
homologous recombination (HR) factors, including the RADS51 paralogues (XRCC2, XRCC3,
Rad51B, Rad51C, Rad51D), and the deletion of these factors shifts mutation towards SHM in the
DT40 B lymphoma cell line (Sale et al., 2001). During GCV, it is believed that the lesion generated
by AID is repaired by BER and a recombinational repair process using the V pseudogenes

upstream of the rearranged IgV (reviewed in Di Noia et al., 2007).

1.9. Class switch recombination (CSR)

Class switch recombination (CSR), also known as isotype switching, occurs within or outside the
GCs after the first B-cell T-cell interaction at the border of the T- and B-cells zones. In addition,
upon B-cells stimulation with the appropriate cytokines such as B-cell activating factor (BAFF)
and IL-10, CSR occurs independently of T-cell help (Litinskiy et al., 2002). A study using a murine

fibroblast cell line transfected with an artificial CSR substrate and a plasmid containing AID
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complementary DNA has revealed that the only B-cell-specific factor necessary for CSR initiation
is AID (Okazaki et al., 2002). Interestingly, studies have shown that CSR occurs largely outside
the GCs and before SHM this could be due to the fact that CSR requires a lower expression level
of AID compared to SHM (Peakman et al., 1998, Roco et al., 2019). CSR is an intrachromosomal
DNA deletion and it is required to change the effector function of the Ig while maintaining the

specificity of the variable region (reviewed in Stavnezer et al., 2008, Manis et al., 2002).

Mammalian Ig gene contains several constant (C) regions located downstream of the rearranged
V region in the heavy chain (CH); each Cy region (except Cd) is preceded by a G-rich repetitive
region known as the switch (S) region. Each S region is associated with its own promoter and
enhancer; thus, cytokines and T-cell help induce the selection of the appropriate isotype during an
immune response by driving transcription and recruiting AID (Tangye et al., 2002, reviewed in
Matthews et al., 2014, Yu et al., 2019). However, the Sp promoter is constitutively transcribed and
unaffected by cytokines, which allows IgM expression in unstimulated B-cells (Li et al., 1994).
Mature naive B cells express IgM and IgD on their cell surfaces; IgD expression occurs by
alternative splicing of the Cpu-Cd genes. Also, CSR to IgD can occur through the Sp and a switch-
like region 5' to Cd known as ¢d; however, IgD CSR is infrequent and occurs only in mucosal

tissues (Choi et al., 2017).

During CSR, AID-induced deoxyuridine is converted into DNA double-strand breaks (DSBs)
which are essential for CSR. AID targets C in the S regions for deamination, and both BER and
ncMMR pathways are involved in CSR. During BER, UNG removes AID-induced deoxyuracil,

then APE1 generates a nick; incisions on opposite strands could lead to DSBs. The dU: dG
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mismatch can be recognized by the ncMMR pathway, MSH2/MSH6 heterodimer recognizes the
dU, then PMS2 and MLHI endonuclease complex is recruited to generate a nick. Subsequently,
Exol generates a gap, breaks on opposite strands could generate DSBs (reviewed in Yu et al.,
2019, Matthews et al., 2014). These DSBs must be generated within the donor Sp region and an
acceptor Sx region for CSR to occur. DSBs are joined using proteins that perform nonhomologous
end-joining (NHEJ) in all cell types. Mutations in components of the NHEJ pathway, including
Ku70/Ku80 proteins and DNA ligase IV, led to a significant decrease in CSR (Casellas et al., 1998,

Han et al., 2008, Boboila et al., 2010).

Patients with mutations in AID have an autosomal recessive form of hyper-IgM syndrome type 2
(HIGM2); these patients have normal or high levels of serum IgM; however, all the other Ig

isotypes are absent because CSR is blocked (Revy et al., 2000).

1.10. Adaptive immune system in teleost fish

Teleost fish is the most diverse and largest group of extant vertebrates. In addition to having an
established innate immune system, bony fish have a well-developed adaptive immunity. In teleost
fish, mucosal surfaces such as the skin, gut, and gills act as the first line of defense, and their mucus
contains several effector molecules such as lectins, lysozymes, complement proteins, antibacterial
peptides, and IgM, which prevent pathogens invasion. However, if the barrier is breached, effector
immune cells can be activated (reviewed in Peatman et al., 2015). Several studies have described
and verified the function of the innate immune cells in teleost fish, including macrophages,

neutrophils, dendritic cells, mast cells, basophils, eosinophils, and natural killer (NK) cells; also,
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cytokines which are essential for both innate and adaptive immunity are highly conserved across

vertebrates (Dezfuli et al., 2008, Lugo-Villarino et al., 2011, reviewed in Bruce et al., 2017).

A canonical recombination activation gene (RAG) -mediated adaptive immunity, including
rearranged Ig, TCR, as well as the major histocompatibility complex class I and II (MHC I and
MHC II), arose first in the placoderms, an extinct vertebrate class. Cartilaginous fish is the oldest
living group with Ig, TCR, and MHC-based immunity. However, lymph nodes, germinal centers,
and FDCs are absent in ectotherms (Bernstein et al., 1996, reviewed in Flajnik, 2018). It is believed
that lymphocyte-based adaptive immunity evolved in a common ancestor of all vertebrates
(reviewed in Flajnik, 2018). Nonetheless, in Atlantic cod and pipefish, MHC II genes are missing,
and it was suggested that these species depend on their T-cell independent Ab response (reviewed
in Magadan et al., 2015). Interestingly, loss of critical components of the adaptive immunity and
thus the absence of a functional adaptive immune system was reported in the deep-sea anglerfish

(Photocorynus spiniceps; reviewed in Isakov, 2022).

In cartilaginous fish, the primary lymphoid organs are the epigonal organ and the Leydig organ
(the bone marrow equivalent), and the thymus. In addition, these species are the oldest living group
that have the primordial secondary lymphoid organ, the spleen. The spleen of cartilaginous fish is
divided into distinct red and white pulps; however, no defining borders are found between the red
and white pulps. The white pulp of the spleen is the major secondary lymphoid tissue in
cartilaginous fish, where densely packed lymphocytes that surround the arterioles are found
(Rumfelt et al., 2002, reviewed in Neely et al., 2016). In amphibians, the primary lymphoid organs

are the bone marrow and thymus. The secondary lymphoid organ, spleen, is separated into red and
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white pulps (reviewed in Neely et al., 2016). Interestingly, while amphibians lack FDCs, it has
been shown that DCs have characteristics of both FDCs and conventional DCs. These DCs (named
XL cells) have a high expression level of MHC class II and trap native antigen at the cell surface

(Neely et al., 2018).

The primary lymphoid tissues in teleost fish are the thymus and anterior kidney (head); the head
kidney is the teleost bone marrow equivalent; it is where B-cell development and maturation occur.
The spleen and various mucosa-associated lymphoid tissues (MALTS) are secondary lymphoid
organs, where B-cells can be activated and differentiate into plasmablasts and plasma cells
(reviewed in Bjergen et al., 2021). Separation of the red and white pulps is found in zebrafish
spleen, where macrophages surround the ellipsoids in the white pulp, with accumulation of
lymphocytes (reviewed in Neely et al., 2016). In addition, the posterior kidney is a hypothesized
(Zwollo et al., 2005) yet unproven secondary lymphoid organ of fish. Using transcription factors
that are differentially expressed during B-cell activation (Pax-5 and Blimp-1) and the B-cell
mitogen (lipopolysaccharides (LPS)), it has been shown that the posterior kidney has a high
number of partially activated B-cells. In addition, it was revealed that the posterior kidney has the
highest capacity to generate plasma cells following activation with LPS compared with the anterior

kidney, spleen, and blood (Zwollo et al., 2005).

Similar to the mammalian long-lived plasma cells, which reside in the bone marrow, long-lived
plasma cells reside mainly in the anterior kidney in teleost fish. Short-lived, dividing plasmablasts
were found in the peripheral immune tissues in rainbow trout (Bromage et al., 2004, Wu et al.,

2019). MHC 1II expression has been characterized on macrophages and B-cells, and the highest
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level of MHC II expression was detected in the spleen and kidney of zebrafish, where 70% of
MHC II expressing cells are B-cells (Wittamer et al., 2011, reviewed in Lewis et al., 2014).
Moreover, DC-like cells in zebrafish express genes associated with DCs function and antigen
presentation in mammals (Lugo-Villarino et al., 2010). Recent studies have shown that fish B-cells
can be activated by CD40L, which indicates that fish B-cells are able to respond to T-cell
dependent antigens like mammalian B-cells (Granja et al., 2019). In addition, it has been shown
that cytokines commonly secreted by T-helper cells enhance the survival and proliferation of

antibody-secreting B-cells in rainbow trout (Gorgoglione et al., 2013, Abos et al., 2020).

Like mammalian B-1 B-cells, fish B-cells have phagocytic and microbicidal activities, and they
have the ability to present the internalized antigen to CD4 T-cells (reviewed in Wu et al., 2020).
However, their phagocytic capacity decreases as they differentiate into antibody-secreting cells
(Wuetal., 2019). Zebrafish B-cells have a strong antigen-presenting ability of both soluble antigen
and bacterial particles. In addition, they can prime naive CD4 T-cells proliferation, which indicates
that fish B-cells play a significant role in initiating the adaptive immune response (like mammalian

dendritic cells) (Zhu et al., 2014).

Collectively, data from rainbow trout and channel catfish led scientists to propose a model for B-
cell development and activation in bony fish where B-cells mature in the anterior kidney; these
mature naive B-cells migrate to the peripheral lymphoid organs, i.e., the spleen and posterior
kidney. Following antigen encounters, activated B-cell differentiates into short-lived plasmablast
(Pax5+ mIgM+ (membrane IgM)), which provides the initial humoral immune response. A subset

of these plasmablasts proliferates and differentiates into plasma cells (Blimp-1+mIgM™). These
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plasma cells can home to the anterior kidney, where they become long-lived plasma cells and
secrete high-affinity antibodies to provide antigen-specific long-term protection (Zwollo et al.,

2005, Barr et al., 2011, Wu et al., 2019).

1.10.1. Ig in teleost fish

Following the divergence from the invertebrate lineage, two whole-genome duplication events
(2R-WGD) took place in the genome of early vertebrates; in addition, local duplication events
occurred in many teleost fish species (reviewed in Kuraku, 2013, Flajnik et al., 2010, Hikima et
al., 2011). Consequently, the organization of the IgH and IgL in teleost fish is complex and varies

between species (reviewed in Hikima et al., 2011).

Ig genes appeared first in jawed vertebrates, where all lineages have IgM and IgD isotypes (in
cartilaginous fish, IgD is referred to as IgW; reviewed in Flajnik., 2018). In teleost fish, three Ig
isotypes are found; in addition to the canonical IgM and IgD, they have a new isotype IgZ/IgT (for
zebrafish/ rainbow trout or teleost) (Danilova et al., 2005, Hansen et al. 2005, reviewed in
Hordvik,1998). Recently, the symbol for IgZ heavy chain in zebrafish has been officially changed
to IgT (Dornburg et al., 2021). Some teleost fish, such as channel catfish and medaka, lack [gZ/IgT
(Bengten et al., 2006, Magadan-Mompo et al., 2011). There are four subsets of B-cells in teleost
fish, including IgM™ IgD", IgM" IgD", IgD" IgM", and IgT" IgM ™ IgD™ B cells (Perdiguero et al.,
2019, reviewed in Magadan et al., 2015). Similar to higher vertebrates, bony fish diversify their
primary repertoire by combinatorial, junctional diversity, and the association of different light and

heavy chains (reviewed in Bilal et al., 2021). In addition, allelic exclusion, which allows each B-
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cell to express one type of antibody, has been demonstrated in cartilaginous fish, bony fish, and

amphibians (reviewed in Hsu, 1998, Flajnik., 2018).

IgH locus in teleost fish has a modified translocon arrangement comparable to the organization
found in mammalian and other higher vertebrate IgH and IgL loci (Fig.1.4; Danilova et al., 2005,
Ghaffari et al., 1997, reviewed in Flajnik, 2018). In zebrafish, IgH locus consists of 40 functional
VH segments, common to all isotypes, followed by two D, two J, and C regions of 1gZ/IgT (DC-
JC-CQC) located between the VH segments and five Dug, five Jud, Cp and Co gene segments, which
encode both IgM and IgD (Fig.1.4). This genes organization indicates that IgZ/IgT diversity (40
VH X 2 D X 2 J{) is limited compared to IgM (40 VH X 5 Du X 5 Ju). Alternative splicing is
responsible for expressing IgD. However, the expression of IgZ/IgT occurs during the
rearrangement process; thus, the expression of IgM isotype will result in the deletion of the D, JC,
and C( gene segments, and hence IgM and IgZ/IgT are expressed by two distinct populations of
B-cells (Danilova et al., 2005). Interestingly, there is more than one copy of the IgH locus in most
teleosts; nevertheless, zebrafish have a single copy of this locus (Danilova et al., 2005, reviewed

in Hordvik,1998).

Unlike IgH locus, the light chain genes are organized in multiple clusters (multi-cluster
configuration) of VL, JL, and CL genes in teleost fish, similar to the organization of both the IgH
and IgL genes in cartilaginous fish (reviewed in Hsu, 1998). In teleost fish, there are four IgL
isotypes, A, k¥ (L1, L3), 6 (L2), and 6-2. In addition to A and k, which are found in mammals, they
have a primordial IgL isotype (o) (reviewed in Hikima et al., 2011, Criscitiello et al., 2007).

Zebrafish have three light chain types: L1, L2, and L3 (Zimmerman et al., 2008).
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The primary antibody isotype in most jawed vertebrates is IgM; it is the first Ig to be expressed
during development (reviewed in Buonocore et al., 2016). In zebrafish, IgM expression can be
detected as early as 20 days post-fertilization (Page et al., 2013). In bony fish, the membrane form
of IgM consists of three Cu domains where the transmembrane (TM) domain is alternatively
spliced to the end of Cp3, thus splicing out the Cu4 domain (reviewed in Hikima et al., 2011). The
secreted form of IgM heavy chain contains four constant Ig domains encoding exons (pul—u4).
Tetrameric IgM is the dominant serum Ig in teleost, as opposed to the pentameric mammalian IgM;
however, there is a significant level of diversity in the degree of inter-heavy chain disulfide
polymerization in teleost IgM, including monomers, dimers, trimers, and tetramers. It has been
shown that antibodies with a higher affinity for the antigen have the highest degree of
polymerization (Ye et al., 2010). It is thought that post-translational processes based on the affinity
of BCR interaction with antigens determine the degree of inter-heavy chain disulfide
polymerization. High affinity interactions promote glycosylation of the C-terminal and prevent
demannosylation, thus increasing disulfide bonding activity (reviewed in Ye et al., 2011). IgM has
roles in both innate and adaptive immunity, similar to mammalian IgM. Teleost fish IgM has many
effector functions, including complement activation, which contributes to pathogen opsonization,
agglutination for phagocytosis and removal of pathogens, and antibody-dependent cellular

cytotoxicity (ADCC; reviewed in Ye et al., 2013).

IgD in teleost fish forms a hybrid of Cpl and different numbers of Cd domains. In zebrafish, IgD

heavy chain consists of 16 constant Ig domains and Cpul spliced to the third IgD exon (C63.1)

(Zimmerman et al., 2011). Like in mammals, two types of IgD" B-cells are found in catfish,
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IgM'/IgD" and IgM /IgD", and interestingly all secreted IgD were without a V-region (named V-
less) where the leader sequence spliced to the Cd1 domain (Edholm et al., 2010). The V-less
secreted IgD is suggested to function as a pattern recognition molecule by tagging pathogens for
removal (Edholm et al., 2010). Also, recently, it has been shown that IgD is involved in the
humoral immune response in rainbow trout infected with Tetracapsuloides bryosalmonae (Abos

etal., 2018).

A third Ig isotype was discovered in some teleost fish species in 2005, and like IgD, the number
of C{/t domains varies among teleost fish. In zebrafish, IgZ heavy chain contains four constant Ig
domains encoding exons ((1- {4; Danilova et al., 2005, Hansen et al., 2005). Similar to mammalian
IgA, 1gZ/IgT functions in mucosal immunity against parasitic and bacterial infection in mucosal
tissues, including the intestine, skin, and gill; IgZ/IgT B-cells constitute 54.3% of all trout B-cells
in the gut while they only represent 16-28% of B-cells in the blood, spleen, and head kidney in
rainbow trout (Savan et al., 2005, Zhang et al., 2010). However, IgZ/IgT is unrelated to IgA, and
they are phylogenetically distant (reviewed in Castro et al., 2014). Also, IgZ/IgT is the main Ig
isotype that coats Tetracapsuloides bryosalmonae (a myxozoan parasite) during the immune
repones in rainbow trout with proliferative kidney disease (PKD) (Abos et al., 2018).
Subsequently, a second subclass of IgZ has been identified (IgZ2) (Hu et al., 2010). A recent study
showed that IgZ and IgZ2 have different tissue distribution and immune responses; IgZ was found
to play a major role in both local mucosa and systemic immune responses, while 1gZ2 mainly

contributes to local mucosal immune responses (Ji et al., 2020).
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Figure 1.4. Schematic overview of the immunoglobulin heavy chain locus organization in
humans and zebrafish. Human IgH locus has a translocon organization, while zebrafish IgH locus

has a modified translocon configuration. V, variable; D, diversity, J, joining; C, constant (reviewed

in Bilal et al., 2021).
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1.10.2. T-cell receptors (TCR) in teleost fish

The expression of aff and Y& TCRs and their associated coreceptors has been described in many
species of bony fish (reviewed in Flajnik, 2018, Scapigliati., 2013, Bajoghli et al., 2019). In
addition, almost all the genes associated with T helper cell subsets and cytotoxic T-cells in
mammals have been identified in fish (reviewed in Scapigliati., 2013, Barraza et al., 2021,
Nakanishi et al., 2011). In bony fish, T-cells play a significant role in the immune response to viral
infections; the distribution and transcription factors of T-cells are regulated in response to viral
infection in rainbow trout, and virus-specific cytotoxic T-cells were found in ginbuna carp infected

with carp haematopoietic necrosis virus (CHNV) (Leal et al., 2016, Somamoto et al., 2009).

1.10.3. AID expression in teleost fish

In teleost fish, the expression of AID, which is the key initiator of affinity maturation, was first
reported in channel catfish (Saunders et al., 2004); subsequently, several other fish, including
zebrafish AID homologues, have been reported (Zhao et al., 2005). Analysis of AID sequences
from birds, amphibians, and fish revealed that many conserved residues, which are functionally
important for the activity of AID, are found in these species (Zhao et al., 2005). Using channel
catfish, it has been shown that fish AID homologue shares 57% amino acid identity and 73%
similarity with the AID proteins of mouse and human (Saunders et al., 2004). Also, AID
homologue in dogfish (Scyliorhinus caniculus) shows 79% similarity to human AID (Conticello
et al., 2005). In bony fish, but not in shark and amphibian, the region of least conservation in AID

is the catalytic domain; catfish, zebrafish, and fugu each has 8 or 9 additional residues in the

48



catalytic domain of AID. However, this difference in the catalytic domain of bony fish AID does
not seem to affect its deaminase activity in either eukaryotic or prokaryotic cells (reviewed in

Barreto et al., 2011).

Aid enzyme in bony fish is temperature sensitive and works best at natural physiological
temperatures; nevertheless, it is fully functional. Zebrafish and catfish AID can induce both CSR
and SHM in mouse AID™~ B-cells, even though fish lack CSR (Dancyge et al., 2012, Wakae
et al., 2006). CSR, in which a single B-cell has the ability to alter its Ig effector function, appeared
first in amphibians (reviewed in Flajnik et al., 2010). Furthermore, in bony fish, AID expression
can be induced by stimulation with molecules such as phorbol ester and calcium ionophore in
catfish IgM*/IgD™ cell line, and this stimulation leads to the accumulation of point mutations
within the expressed VDJ exon (Saunders et al., 2010). Remarkably, zebrafish AID is more

catalytically active in comparison to human and catfish AID (Dancyge et al., 2012).

It has been shown that AID NES domain in the carboxy-terminal has a pleiotropic function; in
addition to being essential for transporting AID out of the nucleus, it is required for CSR. Deleting
the carboxy-terminal of AID blocks its ability to perform CSR (reviewed in Choudhary et al.,
2018, Barreto et al., 2011). Patients with truncated AID carboxy-terminal have Hyper IgM
syndrome type 2 (Imai et al., 2005). In addition, truncated AID carboxy-terminal results in an
increased mutation frequency and unregulated SHM (Ito et al., 2004). These observations suggest
that the ability of fish AID to perform CSR is a by-product resulting from the functional overlap

in AID carboxy-terminal (Wakae et al., 2006). In addition, certain residues in the amino-terminal
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are specifically required to induce SHM; mutations in the amino-terminal have been shown to alter

mutational specificity (Shinkura et al., 2004, Bransteitter et al., 2004).

AID expression in bony fish is transcriptionally regulated by five cis-regulatory regions within or
flanking Aicda gene locus. Individually these regions are suppressive, but when some regions are
coupled, they work as enhancer elements (Villota-Herdoiza et al., 2013). In addition, like
mammalian AID, teleost fish AID is predominantly localized in the cytoplasm (Wakae et al.,

2006). Overall, teleost fish and mammalian AID share most of their functional characteristics.

1.10.4. Affinity maturation in teleost fish

Fish were thought to lack affinity maturation in part because they lack histologically
distinguishable germinal centers. In addition, early studies on the humoral immune response in
fish revealed that there is no strong affinity maturation in fish, and they concluded that the slight
increase in antibodies binding affinity in fish is simply due to an increase in the number of antigen-
specific B-cells without clonal expansion or SHM (Arkoosh et al., 1991). In the nurse shark, all
the antibodies isolated over 12 months following immunization with pneumococcal vaccines were
of low average affinity (Shankey et al., 1980). Similarly, antibodies produced in the horned sharks
following immunization with 2-furyloxazolone coupled to Brucella abortus had low affinity, and
the affinity of the antibodies did not improve over a period of 25 days (Makela and Litman, 1980).
Subsequently, a modest increase in antibody affinity (2-3 or 5-fold) in response to a T-cell
dependent antigen was found in rainbow trout a few weeks post-immunization; in these studies,

the modest increase in antibody affinity is thought to be a result of the selection and proliferation
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of B-cells with natural higher antigen-binding affinity without the involvement of SHM (Cain et
al., 2002, Kaattari et al., 2002). Likewise, earlier studies of affinity maturation in Xenopus found
only a 5- to 10-fold increase in antibody affinity in response to haptenated keyhole limpet

hemocyanin (DNP-KLH) four weeks after immunization (Wilson et al., 1992).

Later studies revealed that the techniques used to study affinity maturation in earlier studies
assume that the affinity of the antibodies is normally distributed and might not detect alterations
in specific subpopulations of B-cells following vaccination. Using affinity-based
immunopartitioning assay, a shift towards the production of higher affinity antibodies (100-fold)
by week 20 post-immunization was found in rainbow trout in response to TNP-keyhole limpet
hemocyanin (TNP-KLH; Ye et al., 2011). A similar shift in antibodies affinity was reported
recently in channel catfish in response to TNP-KLH by week two post-immunization, reaching
maximum affinity at week ten after immunization (Wu et al., 2019). Subsequently, it was shown
that these high-affinity antibodies are secreted by long-lived plasma cells (LLPCs). In addition,
LLPCs in channel catfish migrate and reside mainly in the anterior kidney (bone marrow
equivalent) later in the immune response (Wu et al., 2019, Wu et al., 2019). Despite the modest
increase in antibody affinity in fish when compared to mammals (1000-fold increase), these studies

confirmed that antibody affinity maturation process occurs in teleost fish.

Of note, B-cells in teleost fish have the ability to structurally modify their antibodies based on the
binding affinity to the antigen. In rainbow trout, vaccination with TNP-KLH resulted in both
higher binding affinity and degree of polymerization; interestingly, a higher level of disulfide

polymerization is associated with an increased half-life (Ye et al., 2010).
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Although the mechanism which leads to affinity maturation in teleost fish was a topic of debate in
earlier studies, the development of immunological memory was established in these species
(Avtalion et al., 1969). A faster and stronger secondary immune response was reported in several
fish compared to the primary response, which revealed the presence of immunological memory
(Tatner et al., 1987, Cossarini-Dunier et al., 1986). For example, in rainbow trout, injection with
Aeromonas salmonicida (AS) or Yersinia ruckeri resulted in an enhanced secondary immune
response upon re-exposure to the same antigen (Tatner et al., 1987, Cossarini-Dunier et al., 1986).
However, the mechanism by which immunological memory develops in teleost fish has not been

fully understood (reviewed in Stosik et al., 2021).

1.10.5. SHM in teleost fish

SHM is one of the hallmarks of affinity maturation in mammals. In ectotherms, SHM was first
shown in frogs and sharks (Wilson et al., 1992, Diaz et al., 1998). Accumulation of mutations in
the VDJ exon and evidence for clonal expansion were reported in Xenopus laevis following
immunization with haptenated keyhole limpet hemocyanin (DNP-KLH), and the mutation rates
were comparable to those reported in mice. Unlike mammals, there was a strong bias for mutations
at G: C base pairs (41 of the 45 mutations were at G: C pairs; Wilson et al., 1992, reviewed in Hsu
et al.,1998). The first evidence of SHM in sharks was reported in the horned shark using genomic
and cDNA libraries; they observed mutations in the V, D, and J gene segments but not in the Cy
region. Cy region sequences were identical to their corresponding germline sequences (Hinds-Frey

et al., 1993). In nurse sharks, SHM was reported in the immunoglobulin new antigen receptor
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(IgNAR) transcripts, and unlike the Xenopus Ig mutations, there was no bias for mutations at G:
C base pairs and the mutation frequency was similar to that detected in human and mouse Ig (Diaz
etal., 1998). Analysis of 1023 mutations in the [gNAR revealed a significant bias toward transition
mutations, and only a few deletions and insertions were observed, similar to SHM in mammalian
Ig (Diaz et al., 1999). Interestingly, unlike mutations found in Ig genes in other species, tandem
point mutations are prevalent in the shark Ig mutations, and they occur predominantly within
hotspot motifs (Diaz et al., 1999). Using the nurse shark NS3 light chain gene, which exists in the
germline as joined VJ, analysis of 631 substitutions identified in 90 clones revealed that more than
half the mutations (338) were found in tandem on adjacent nucleotides (stretches of 2-4 bases; Lee
et al., 2002). The perinatal light chain sequences were not mutated; however, sequences from adult
sharks were highly mutated (Lee et al., 2002). In addition, examination of the pattern of mutations
revealed that the mutations arose from hypermutations rather than gene conversion (Lee et al.,
2002). Furthermore, analysis of the mutations in the nurse shark productive and non-productive
heavy and light chain genes suggested that tandem mutations result from repair by error-prone
polymerases, which can generate two or more mutations before dissociating (Zhu et al., 2010).
Afterward, it was suggested that these tandem mutations arise through the activities of Pol 1 and
Pol {, where Pol 1 accesses the repair gap and introduces the first mutation, then Pol { synthesizes
the second mismatch due to its unique catalytic property (Malecek et al., 2005, Saribasak et al.,
2012, Maul et al., 2016). This was supported by the finding that the first mutation was
predominantly A to G or A to T substitution, the two most mutations produced by Pol 1 (Maul et

al., 2016).
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Subsequently, several studies confirmed that SHM occurs in the Ig genes of bony fish. For
example, SHM was identified in unvaccinated catfish using Ig heavy p-chain from the spleen, and
the mutations were predominantly at G and C nucleotides with a bias for transition mutations
(Yang et al., 2006). Their analysis of the distribution of replacement and silent mutations within
the Ig gene indicated that there was no evidence of antigen-driven B-cell selection, and they
concluded that perhaps SHM evolved to increase the diversity of the antibody repertoire (Yang et
al., 2006). Moreover, a study using zebrafish IgL. chain revealed that SHM occurs mainly at AID
hotspot motifs WRCH/DGYW, similar to SHM in mammals; however, unlike in mammals, the
ratio of transition to transversion mutations was much higher (5.64) than the theoretical value, and
they concluded that the role of UNG is limited in zebrafish (Marianes et al., 2011). In addition,
using high throughput sequencing and unvaccinated zebrafish, it was found that mutations in the
VDI exon increase with age, likely as a result of clonal expansion and accumulation of mutations

in the Ig genes of activated B-cells in response to pathogens (Jiang et al., 2011).

Somatically mutated and clonally expanded IgZ/IgT and IgM B-cells were found in rainbow trout
in response to parasitic infection (7. bryosalmonae), and most of the mutations were within AID
hotspot motif (WRCY). Notably, the mutation rate increased as the immune response progressed,
which was associated with an increased level of AID mRNA (Abos et al., 2018). Their analysis of
the mutations at WA/TW revealed that although the mutations at WA/TW motifs were
significantly lower than the mutations at WRCY motif, the mutations at WA increased throughout
the immune response (Abos et al., 2018). A study in rainbow trout showed that in response to
commensal bacteria, IgD TgM™ B-cells clonally expand and mildly mutate their Ig gene in both the

gills and gut, and the mutations at WRC/GYW and WA/TW increased during the clonal expansion
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(Perdiguero et al., 2019). Furthermore, the distribution of replacement and silent mutations in the
CDR2 and FWR3 suggested that antigen-mediated mucosal IgD selection occurs in rainbow trout

(Perdiguero et al., 2019).

Even though studies of the humoral immune response in teleost fish found a modest increase in
affinity following immunization (up to 100-fold; Wu et al., 2019, Ye et al., 2011); evidence of
clonal lineage expansion has been reported in several fish species including, channel catfish,
zebrafish, and rainbow trout (Yang et al., 2006, Marianes et al., 2011, Castro et al., 2013). For
example, in rainbow trout, using CDR3 spectratyping analysis, a method used to demonstrate
clonal expansion based on the shifts of the relative frequencies of B-cells with specific CDR3 size,
it was shown that the immune response to the Viral Hemorrhagic Septicemia Virus (VHSV) was
dominated by a few proliferating clones of IgM expressing B-cells (Castro et al., 2013). Similarly,
using Ig sequencing, expansion of specific B-cell clones in response to vaccination with bacterial

components was detected in Atlantic salmon (Lund et al., 2019).

Taken together, these studies demonstrated that mutations occur in a lineage-specific manner in
bony fish, which indicates the presence of a germinal center-like reaction; in GC centroblasts,

proliferation is associated with the accumulation of SHM (reviewed in De Silva et al., 2015).

Interestingly, a study in the teleost Ballan wrasse revealed that SHM occurs in the T-cell receptor

alpha chain genes (TCRa); yet only 7% of the mutations were within AID hotspot motif

(RGYW/WRCY) (Bilal et al., 2018).
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1.11. Melano-macrophage clusters (MM®C:s) in teleost fish

Melano-macrophages (MM®s) are pigmented phagocytes; they are autofluorescent due to the
accumulation of different pigments, including lipofuscin, melanin, and hemosiderin. Lipofuscin is
a metabolic by-product of both phagocytosed apoptotic cells and autophagy; melanin can be
derived from exogenous sources or made within the cells (Agius, 1984, Zuasti et al., 1989).
Hemosiderin is a form of intracellular iron storage that forms during the breakdown of hemoglobin
and serves as an intermediate step in iron recycling; this suggests that MM®s function in iron
recycling following uptake of effete RBCs (Agius et al., 2003, Kranz, 1989). MM®s are
phagocytic cells; they can phagocytose infectious materials, debris, and apoptotic cells similar to
tangible body macrophages in mammalian GCs (Tsujii et al., 1990, Ferguson et al., 1976,
Brattgjerd et al., 1996, reviewed in Davies et al., 2013). Similar to mammalian FDCs, MM®s
express colony-stimulating factor 1 receptor (CSF1-R), a macrophage-specific receptor (Diaz-

Satizabal et al., 2015).

MM®s in both the spleen and kidney frequently are extensively encapsulated by reticular cells
(Diaz-Satizabal et al., 2015, reviewed in Wolke, 1992). In several fish species, MM® aggregates,
known as melano-macrophage clusters (MM®Cs), are found mainly in the kidney, spleen, and
sometimes the liver (Agius, 1981, Agius et al., 2003, reviewed in Steinel and Bolnick, 2017); they
are observed in most vertebrates but not found in mammals, birds, and sharks (Agius, 1980,
reviewed in Steinel and Bolnick, 2017). While bony fish MM®Cs form distinct structures in the
spleen and kidney, in hagfish and rays MM®s are diffusely distributed predominantly in the liver

(reviewed in Steinel and Bolnick, 2017). In addition, at least in cyprinids (goldfish and zebrafish),

56



MMOCs can be teased away intact from surrounding tissues (Diaz-Satizabal et al., 2015, reviewed
in Muthupandian et al., 2021). Cells expressing AID were found within or near MM®Cs in the
spleen and kidney of channel catfish, and almost no expression of AID was detected in the white
pulp surrounding MM®Cs, and although rare, some MM®Cs in the spleen lacked AID expression
(Saunders et al., 2010). In addition, AID expressing cells were found within the intestine, and they
were in the vicinity of a few MM®s; however, AID positive cells were not detected in the liver

MM®s (Saunders et al., 2010).

In bony fish, MM®Cs were seen to accumulate exogenous antigens in and around them for an
extended period, and the antigen within these clusters appeared to be intact (Lamers et al., 1985,
Lamers CH & De Haas MJ 1985, Ziegenfuss et al., 1991). Carp fish injected with Aeromonas
hydrophila retained the bacterial antigen within or near MM®Cs in the spleen and kidney for at
least a year (Lamers CH & De Haas MJ 1985). In addition, in 1996, Press et al. showed that after
16 weeks of intraperitoneal injection of Aeromonas salmonicida, lipopolysaccharide was
predominantly located within MM®Cs of the spleen and kidney of Atlantic salmon (Press et al.,
1996). Interestingly, studies in Cyprinus carpio showed that the antigen was trapped more quickly
near or within MM®Cs after the injection of immune complexes, suggesting that the antigen could
be trapped within these clusters using a similar mechanism to FDCs in mammals which trap
antigens in the form of antibody and complement immune complexes (Secombes et al., 1980,

Secombes et al., 1982, reviewed in Allen et al., 2008).
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Recent work done in our lab using vaccinated goldfish revealed that MM®s are the cells that retain
the antigen within MM®Cs, and the antigen on the cell surface was in an intact form

(Muthupandian MSc thesis, U of A, 2020).

Noticeably, MM®Cs in fish increase their size and numbers in response to infection or
immunization, similar to mammalian GCs (Herraez et al., 1986, Agius, 1979, Secombes et al.,
1982, reviewed in Steinel and Bolnick, 2017). For example, in Clarias gariepinus, there was a
substantial increase in the frequency and size of MM®Cs in the spleen and kidney following the
exposure to silver nanoparticles (Ag-NPs) (Sayed et al., 2017). In addition, the number and size of
MM®Cs significantly increased in Nile tilapia in response to bacterial infections (Manrique et al.,
2019). Similarly, splenic and renal MM®Cs size and frequency increased in southern bluefin tuna
following treatment with Schistosoma (a parasitic infection), which indicates that MM®Cs
participate in the immune response against pathogens (Nowak et al., 2021). These observations
led scientists to use MM®Cs as a biomarker for both the immune function and health in fish (Sayed

etal., 2017).

MMOCs in teleost fish are associated with Ig expressing cells. Previous studies in Atlantic salmon
showed an increase in Ig-positive cells in association with MM®s in the spleen and kidney in
response to induced infectious salmon anaemia (ISA); these cells are presumed to be B-cells (Falk
et al., 1995). Also, Ig-positive cells were found adjacent to MM®Cs in turbot, and their numbers
increased in response to parasitic infection (Bermudez et al., 2006). Furthermore, work on channel
catfish (Ictalurus punctatus) showed that MM®Cs are associated with the transcripts for Ig heavy

chain, TCR B, CD4, and MHC class Il homologues (Saunders et al., 2010).
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Taken together, these observations provide strong evidence that MM®C:s in teleost fish have the

cells available to perform a similar function to mammalian GCs.

1.12. Tertiary lymphoid tissues

Tertiary lymphoid tissues (TLT) are ectopic lymphoid tissues that develop during chronic
inflammation in infection, autoimmunity, graft rejection, atherosclerosis, and cancer in
nonlymphoid organs. Similar to the secondary lymphoid organs, T cells, B cells, DCs, and FDCs
are present in the TLT. In addition, ongoing ectopic GCs are found within these structures

(reviewed in Ruddle, 2020).

1.12.1 Autoimmune diseases

In people with autoimmune diseases, affinity maturation occurs in ectopic GCs that form in the
TLT at the sites of inflammation. These microenvironments contain the essential components of
conventional GCs, including T- helper cells, B-cells, and they may also have FDCs; furthermore,
AID is strongly expressed, and B-cells with acquired SHM and CSR are generated within ectopic
GCs (Nacionales et al., 2009). For example, in patients with Sjogren's syndrome, ectopic GCs were
found in the salivary gland, and like conventional GCs, signs for SHM and antigen-driven selection
of high-affinity antibodies were identified (Stott et al., 1998). In addition, B-cells clonally expand,
somatically mutate, and terminally differentiate into plasma cells in the synovial tissue in patients

with rheumatoid arthritis; interestingly, AID expression positively correlated with the serum level
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of autoantibodies, and 20% of the patients lacked FDCs (Kim et al., 1999, Xu et al.,2009, reviewed
in Weyand et al., 2003). Furthermore, in patients with myasthenia gravis, which is mediated by
autoantibodies directed against the postsynaptic nicotinic acetylcholine receptor (AChR),
indications for clonal proliferation, somatic hypermutation, and AChR driven selection in thymic

GC-like structures were found (Sims et al., 2001).

Affinity maturation occurs in areas within the secondary lymphoid organs in patients with systemic
lupus erythematosus at the T-zone red pulp border rather than at the germinal centers within the
B-cell follicles (William et al., 2002). These areas lacked FDC, which provides antigens for the
first selection step during the GC reaction; however, DCs are widespread, and many B-cells DCs
interactions occur in these sites. In addition, T-cells and proliferating B-cells with acquired
mutations were found at these sites, and the mutation rate is comparable to that observed within a

GC (William et al., 2002).

These studies established that affinity maturation occurs in the absence of FDCs in GC-like

structures in people with autoimmune diseases; this could be the case in MM®Cs in teleost fish,

which lack FDCs. Within MM®Cs, CD4" T-cells, B-cells, and a source of antigen are present

(Saunders et al., 2010, Lamers CH & De Haas MJ, 1985).

1.13. High throughput sequencing and antibody repertoires

Prior to high-throughput sequencing, Sanger sequencing (first-generation DNA sequencing)

allowed the analysis of the Ig variable regions at a low scale with up to a few hundred B-cells in
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each experiment. In 1993, Kuppers et al. studied the development of B-cells within the GC by
amplifying and sequencing B-cells isolated from stained human lymph node frozen sections
(Kuppers et al., 1993). Subsequently, studies used Sanger sequencing to examine the
rearrangement of the Ig genes and memory B-cells (Ehlich et al., 1994, Klein et al., 1998).
However, Sanger sequencing has a low throughput and provides only a glance into the continually

evolving antibody repertoire.

The development of high-throughput immune repertoire sequencing enabled quantitative insights
into the diversity of lymphocyte receptors (TCR and Ig), with a wide range of applications in
clinical research and biotechnology (Wu et al., 2012, Reddy et al., 2010). The first analysis of the
full Ig diversity and VDJ usage was done using zebrafish, where they used validated multiplex
PCR primers to amplify all the expressed transcripts for IgM and IgZ from the leader sequence to
the first constant domain (Weinstein et al., 2009). Subsequently, Ig repertoires from different
species, including human, mouse, rainbow trout, rabbit, chicken, and cattle, have been analyzed
(Horns et al., 2019, Ippolito et al., 2012, Castro et al., 2013, Lavinder et al., 2014, Wu et al., 2012,

Dong et al., 2019).

Another key focus is the ability to reconstruct and assign B-cells into clonal lineages using Ig
repertoire sequencing data, where each clone is the descendant of a single B-cell responding to an
antigen with mutated Ig receptors. Several software packages have been developed to assign Ig
sequences into clones based on the CDR3 or the V-D-J junction of the heavy chain. CDR3 forms
as the gene is recombined during development in the primary lymphoid organs where the assembly

of random V, D, and J gene segments and the deletion and insertion of different nucleotides at the
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V-D-J junctions take place; therefore, the CDR3 is like a fingerprint for the B-cell and its progeny
(Lee et al., 2017, Gupta et al., 2017, Shlemov et al., 2017, Cortina-Ceballos et al., 2015, reviewed

in Gupta et al., 2015, Schatz et al., 2011).
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CHAPTER 11

MATERIALS AND METHODS

2. Materials and methods

2.1. Maintenance of zebrafish

Adult zebrafish (Danio rerio) of the AB strain were used throughout this study. Zebrafish were
maintained by the University of Alberta Department of Biological Sciences aquatic facility staff
according to guidelines set by the Canadian Council of Animal Care, and protocols were
preapproved by the University of Alberta’s Animal Use and Care Committee. Zebrafish were kept

at approximately 26-28.5 °C.

2.2. TMS for euthanization or anesthetizing zebrafish

Zebrafish were anesthetized or euthanized using tricaine methanesulfonate (TMS) (buffered to pH

7 with NaOH). TMS concentrations of 20 mg/L. and 40 mg/L. were used for anesthetizing and

euthanizing, respectively.

2.3. Vaccine preparation and immunization
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Fish were vaccinated intraperitoneally (i.p.) with different proteins conjugated to Alexa-647,
including bovine serum albumin (BSA)- Alexa fluor 647 (Invitrogen), Keyhole limpet hemocyanin
(KLH)- Alexa 647 (Labelled using Alexa 647 labeling kit (Thermo Fisher Scientific)), and
phycoerythrin (PE)- Alexa 647 (Thermo Fisher Scientific). In addition, KLH protein without

Alexa 647 was used to vaccinate a number of fish (Table 2.1).

A total of 10 pul of vaccine containing 2 ug of protein was prepared per fish. For the first dose, one
part of complete Freund's adjuvant (Sigma-Aldrich) was added to three parts of protein. The initial
immunization was followed 1 month later by a second i.p. injection with either BSA or KLH
conjugated to Alexa-647 emulsified in one part of incomplete Freund's adjuvant (Sigma-Aldrich).
Some fish received only one dose of the vaccine (Table 2.1). BD Insulin Syringes with BD Ultra-

Fine™ needle 31 G 3/10 mL 6 mm was used for the vaccination process.

2.4. Fish dissection and tissue collection

Vaccinated fish were dissected at different timepoints following immunization. Fish that received
two doses of the vaccine were dissected 10 or 20 days after the second injection; on the other hand,
fish that received a single dose of the vaccine were dissected one month or 20 days after the initial
vaccination (Table 2.1). In addition, a number of unvaccinated zebrafish were used (Table 2.1).
Using a dissecting microscope, the spleen and kidney were identified and removed. Then, I used
a fluorescence microscope to identify autofluorescent melano-macrophage clusters (MM®Cs) and
isolate them from the spleen and kidney. Individual clusters were photographed in brightfield and

fluorescence before being processed.
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For the Ig repertoires analysis, two libraries were prepared and sequenced; for the first library, I
isolated 8 MM®Cs from unvaccinated zebrafish spleen and kidney. For the second run, a total of
12 MM®Cs were isolated from vaccinated fish (Table 2.1). In addition, I retained the surrounding
tissues after removing MM®Cs in the kidney from vaccinated fish to compare the number and
clonal relatedness of B-cells between the clusters and their surroundings (Table 2.1). A single
whole kidney and intestine were used as positive controls for total Vy family expression and IgM

and IgZ expression, respectively (Table 2.1; Zhang et al., 2010, reviewed in Bilal et al., 2021).
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Table 2.1. Fish used to prepare Ig repertoire libraries.

Fish' Vaccination Fish dissection

F1UKCa none -

F2UKCa none -

F2USCa none -

F3UKCa none -

F3USCa none -

F4UKCa none -

F4USCa none -

F4USCb none -

F5VSCa 1° PE-Alexa 2° BSA-Alexa 10 days after the booster immunization
F5VKCa 1° PE-Alexa 2° BSA-Alexa 10 days after the booster immunization
F6VKCa 1° PE-Alexa 2° BSA-Alexa 10 days after the booster immunization
F6VKCb 1° PE-Alexa 2° BSA-Alexa 10 days after the booster immunization
F7VKCa 1° PE-Alexa 2° BSA-Alexa 20 days after the booster immunization
F8VKCa 1° PE-Alexa 2° BSA-Alexa 20 days after the booster immunization
F8VKCb 1° PE-Alexa 2° BSA-Alexa 20 days after the booster immunization
F9VSCa 1° BSA-Alexa 2° KLH-Alexa 20 days after the booster immunization
FO9VKCa 1° BSA-Alexa 2° KLH-Alexa 20 days after the booster immunization
F10VKCa 1° BSA-Alexa 30 days after immunization
F11VKCa 1°KLH 20 days after immunization
F12VKCa 1°KLH 20 days after immunization

F1UKW none -

F4UIW none -

F13VKS 1° BSA-Alexa 20 days after immunization

F14VKS 1° BSA-Alexa 20 days after immunization

IF# - Fish # in group; U/V - Unvaccinated/Vaccinated; cluster from K/S - Kidney/Spleen and cluster # -
a/b; W -whole tissue; I - intestine; S - tissues surrounding the clusters.

21° Primary, 2° Secondary; PE - Phycoerythrin; BSA - Bovine Serum Albumin; KLH - Keyhole Limpit
Hemocyanin; Alexa - Alexa 647.
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2.5. Ig repertoires Library preparation and sequencing

2.5.1. RNA isolation and cDNA preparation

Total RNA was extracted from each cluster (or tissue) using RNeasy Micro Kit (QIAGEN)
following the manufacture's protocol. The concentrations of the total RNA were determined using
NanoDrop (ND-1000 spectrophotometer, NanoDrop) and Qubit (RNA HS Assay Kit, Thermo

Fisher Scientific).

Isolated total RNA from each sample was split into two cDNA synthesis reactions and reverse
transcribed using two gene-specific primers. Previously described (Weinstein et al., 2009) primers
using both IgM and IgZ constant regions were used for cDNA synthesis. Reverse transcription was
carried out using SuperScript III First-Strand Synthesis kit (Invitrogen). In a 20 pl reaction cDNA
synthesis reaction was carried out at 25 °C for 5 minutes, followed by 55 °C for 60 minutes, then
the reaction was inactivated by heating at 70 °C for 15 minutes. Subsequently, RNase H
(Invitrogen™) was added to the reactions and incubated at 37 °C for 20 minutes to remove

complementary RNA.

2.5.2. Polymerase chain reaction (PCR) and size selection

I used previously described and validated primers to capture the variable domain of the zebrafish

immunoglobulin heavy chain (Weinstein et al., 2009). The forward primers were designed using

the consensus leader sequences of the 39 functional V gene segments of the heavy chain, and the
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reverse primers using the IgM and IgZ constant regions (Weinstein et al., 2009). Initially, these
primers were used to verify the expression of IgM and IgZ within zebrafish MM®Cs. Using
Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific), the initial denaturation was
carried out at 98 °C for 30 seconds, followed by 20 cycles of denaturation at 98 °C for 10 seconds,
primers annealing to DNA at 60 °C for 30 seconds, and extension at 72 °C for 30 seconds. This
was followed by 10 cycles of denaturation at 98 °C for 10 seconds, primers annealing to DNA at
57.1 °C for 30 seconds, and extension at 72 °C for 30 seconds. The final extension was at 72 °C

for 7 minutes.

After verifying the expression of IgM and IgZ within MM®Cs, multiplex PCR primers were
modified by the addition of Illumina forward and reverse adapters to the 5' of each primer (Table
2.2). However, using the modified primers, [ was not able to use the 27 forward primers in a single
PCR reaction due to primer-dimers formation. Therefore, the 27 forward primers were split into 6
multiplex PCRs, and a total of 12 multiplex PCR reactions were carried out for each sample (for

IgM and IgZ).

Mutations are confined to the variable region of the Ig genes in mammals (Storb, 1996); therefore,
additional primers were designed to amplify the constant region of IgM as a control for sequencing
error (Table 2.2). Using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific),
the PCR reaction began with an initial denaturation at 98 °C for 30 seconds, followed by 30 cycles
of denaturation at 98 °C for 10 seconds, annealing of primer to DNA at 58.2 °C for 30 seconds,

extension at 72 © C for 30 seconds, and a final extension at 72 ° C for 7 minutes.
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Multiplex PCR reactions were followed by size selection and cleanup using a 1:1 sample to bead
ratio using Ampure XP beads (Beckman Coulter) following the manufacture's protocol. The
concentrations of the purified multiplex PCR products were determined using NanoDrop (ND-
1000 spectrophotometer, NanoDrop). Subsequently, a second PCR was done using the purified
samples and different combinations of index primers for different samples to allow multiple
samples to be sequenced together. Q5® Hot Start High-Fidelity DNA Polymerase (New England
Bio Labs nc) was used, and the PCR reaction began with an initial denaturation at 98 °C for 3
minutes, followed by 8 cycles of denaturation at 98 °C for 30 seconds, annealing of primer to DNA
at 55 °C for 30 seconds, extension at 72 © C for 30 seconds, and a final step at 72 © C for 5 minutes.
Then a second cleanup step was carried out using a 1:1 sample to bead ratio using Ampure XP
beads (Beckman Coulter) following the manufacture's protocol. Then, the concentrations of the
purified index PCR products were determined using NanoDrop (ND-1000 spectrophotometer,

NanoDrop).
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Table 2.2. List of primer sequences.

Primer

ZF IGHYV 4-1 FWD
ZF 1IGHYV 4-2 FWD
ZF IGHV 4-3 FWD
ZF 1IGHYV 4-4 FWD
ZF IGHV 4-5 FWD
ZF IGHV 4-6 FWD
ZF 1IGHYV 4-7 FWD
ZF IGHV 4-8 FWD
ZF IGHV 4-9 FWD
ZF IGHV 4-10 FWD
ZF IGHYV 4-11 FWD
ZF IGHYV 4-12 FWD
ZF IGHYV 4-13 FWD
ZF IGHYV 4-14 FWD
ZF IGHYV 4-15 FWD
ZF IGHYV 4-16 FWD
ZF IGHYV 4-17 FWD
ZF IGHYV 4-18 FWD
ZF IGHYV 4-19 FWD
ZF IGHYV 4-20 FWD
ZF IGHYV 4-21 FWD
ZF IGHYV 4-22 FWD
ZF IGHYV 4-23 FWD
ZF IGHYV 4-24 FWD
ZF IGHYV 4-25 FWD
ZF IGHYV 4-26 FWD
ZF IGHYV 4-27 FWD
ZF C-p IgM REV
ZF C-{IgZ REV

ZF Ig Heavy-mu FWD
ZF Ig Heavy-mu REV

Sequence (5°-3°)
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGTCTCCTCTGCCTTTTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACCATGATCGCCTCATCTC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATGGCAACAACATCCTGTG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCATTTCAGTTCTGCTGCT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACGAATGCAGGAGTCAGACA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTTTCAACTGTTCGTGGTCA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGAGTTGTGTTGATGATGATT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTCATATGCACATGGTCAGTCA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTGGTGATTGTCTTTCAAGG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGAAAAGGAGTCAAAAAGCAT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTTTTGTCATGTTTGCTCTCA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTTACTGCTGCTCTCATTCAG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTCTGCTGCTGTGCTTTAC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGCTGTTTTCATTGGCCTTA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTTTATACTGTCAAGGCATGG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCCTCAAGATGAAGAATGC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTAGTGCTGTTTCTGGCAGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATGATCACCTCATCTCTCTGC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATGATTCTGAGCATTTTATCATG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAATAATCAACTCACTCCTGCTG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGCGTCCAGTGTATATTCCA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTATTGACTGTCAGGTTGTGC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTTTCTGCAGTTGGCAG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTCAAAGTTGTTGGTGTCAGA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTCTCTAAACAAGTGCAAAGGTC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGACCTTAAACTTAACTGTCTG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCATATGTTTCTGGCATCTCCC
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGCACTGAGACAAACCGAAG
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCAGAGGCCAGACATCCAAT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTGCTGGTAAAGATTTGAG

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGATCCACCTTCTAATTCC
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2.5.3. Libraries quantification, quality check, and sequencing

To quantify the intact dsSDNA in each sample, I used Qubit dsDNA HS (High Sensitivity) kit in
which a fluorescent dye binds to double-stranded DNA (dsDNA) (Thermo Fisher Scientific,
Q32854). Then based on the different concentrations obtained using the Qubit, samples were
diluted to pool the exact concentration of individual samples for each library. Afterward, in order
to confirm the size range and check the quality and purity of the prepared libraries, I used the
bioanalyzer high sensitivity DNA kit (Agilent Technologies, 5067-4626) following the
manufacture's protocol. Then I used two MiSeq Reagent Kit v2 (500-cycles) MS-102-2003 2x250
(Illumina) to sequence the two Ig repertoire libraries (prepared from unvaccinated and vaccinated

zebrafish).

PhiX is a single-stranded DNA (ssDNA) virus, and because it has a small, diverse, and well-studied
genome (Sanger et al., 1977), it has been used as an effective internal control in sequencing runs.
The use of PhiX spike-in is especially useful for low-diversity libraries where a significant number
of the reads have similar sequences. Low diversity libraries will have unbalanced base composition
and thus result in unbalanced fluorescent signals. Therefore, [ used 30 % PhiX spike-in to increase
the diversity of our Ig repertoire libraries, serve as an internal control, and help provide balanced

fluorescent signals through the run. A total of 8 million reads were obtained from each library.

2.6. Data processing and analysis
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Data processing was primarily done using tools from the Immcantation framework, which uses
Python and R packages to analyze high-throughput Ig-sequencing datasets (Gupta et al., 2015,
Vander Heiden et al., 2014, Stern et al., 2014, Hoehn et al., 2019). I worked with the Science &
Technology IT support team at the University of Alberta to modify the Immcantation analysis
framework package by adding zebrafish germline sequences to the framework. In addition, tools
including, Cutadapt, Recombination Detection Program (RDP4), B-cell repertoire inductive
lineage and immunosequence annotator (BRILIA), and iNext (iNterpolation/EXTrapolation),
which are not part of the Immcantation framework, were used to perform different Ig repertoire
data analysis (discussed below) (Martin, 2011, Martin et al., 2015, Lee et al., 2017, Hsieh et al.,

2016).

2.6.1. Sequencing data quality filtering and read assembly

Remnant Illumina adapters were removed from the sequencing reads using Cutadapt (Martin,
2011), using forward and reverse adapter sequences. Quality filtering and read assembly were
performed using several subcommands from pRESTO software package (Vander Heiden et al.,
2014). I used align subcommand of MaskPrimers to remove the V- and C-region primers using cut
mode, allowing for a maximum error rate of 0.2. Raw reads that failed primer identification by
Maskprimers were removed. Then PairSeq was used to organize and match sequence records with
matching coordinates in the files of the forward and reverse reads of each sample. Subsequently, I
used align subcommand of AssemblePairs to merge the overlapping paired-end reads into a single

sequence by aligning the ends (Vander Heiden et al., 2014).
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FASTQ files encode Phred quality scores which are used to indicate the probability of a base being
called correctly during sequencing (Ewing et al., 1998). A higher score indicates a higher
probability that a particular base is correct; on the other hand, lower scores represent a higher
probability of error. Generally, a Phred quality score of 20 or above is acceptable (Sathyanarayanan
et al., 2018). To identify and remove low-quality reads, I used quality subcommand of FilterSeq
(Vander Heiden et al., 2014), and reads with mean Phred quality scores less than 30 were removed.
In addition, reads were filtered by length using length subcommand of FilterSeq (Vander Heiden
et al., 2014). Then, to remove duplicate sequences, I used collapseSeq to collapse identical
sequences without allowing any missing nucleotides while collapsing sequences (Vander Heiden

et al., 2014).

Previous studies have revealed that many of the rare sequences, sequences with one copy
(singletons), are artifacts and result from sequencing platform or PCR errors. They determined that
around 40% to 80% of the sequences with a single copy are generated by sequencing or PCR errors
(Tedersoo et al., 2010, Brown et al., 2015). Therefore, after removing duplicate sequences, I used
splitseq command to keep only reads with at least two copies; singletons or reads that were

observed only once were discarded (Vander Heiden et al., 2014).

2.6.2. Alignment and clonal clustering

Following quality filtering and reads assembly, VDJ annotation was performed using IMGT/High

V-QUEST using zebrafish IgH locus germline sequences (Alamyar et al., 2010). In addition,

IMGT/High V-QUEST provides information about the functionality of the sequence, identifies the
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complementarity determining regions (CDRs) and framework regions (FWRs) and their length,
analyzes the VDIJ junction by providing information about the junction length, the number of
nucleotides added at the V, D, and J gene ends and translated sequence of the junction. Analysis
of nucleotide insertions and deletions (indels) in the V-region was also done using IMGT/High V-

QUEST (Alamyar et al., 2010).

Then I used Change-O package (Gupta et al., 2015), which includes multiple tools to process the
annotated Ig sequences using the output of IMGT/High V-QUEST (Alamyar et al., 2010). Initially,
MakeDb was used to store sequence alignment information in a tab-delimited database file. Then
T used distToNearest to determine the clustering threshold for each Ig repertoire to group sequences

into clusters which will be used to assign Ig sequences into clones (see below) (Gupta et al., 2015).

To determine the clustering threshold, I used nucleotide Hamming distance (ham model) and
distToNearest (Gupta et al., 2015). Hamming distance is calculated based on the number of
nucleotides at which two sequences of the same length differ (Gupta et al., 2015). distToNearest
command provides a bimodal distribution of the sequences by calculating the distance between
every sequence and its closest neighbor (Gupta et al., 2015). The resulting histogram provides
information about the clonal relatedness of the sequences within each repertoire; clonally related
sequences are separated from unrelated sequences (Gupta et al., 2015). By manually inspecting
the bimodal distribution histogram, I determined the clustering threshold by using the value that

separates the clonally related sequences in the repertoire from the clonally unrelated.
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Using the clustering threshold value determined for each Ig repertoire in the previous step, I used
DefineClones to assign Ig sequences into clones, using ham model and single-linkage hierarchical
clustering (Gupta et al., 2015). Initially, sequences are grouped based on the V gene, J gene, and
junction length, then Hamming distance and single-linkage hierarchical clustering are used to
assign Ig sequences into clones, where each clone is the offspring of a B-cell responding to an
antigen with mutated Ig sequences (Gupta et al., 2015). Hamming distance was normalized by the
length in which Hamming distance is divided by the length of the junction. Hierarchical clustering
merges the two closest sequences into a cluster, then using single-linkage hierarchical clustering,
clusters with sequences most similar to each other (a few or even single sequences) are merged
even if most of the sequences in each cluster are distant from each other. It has been shown that
combining length normalized Hamming distance with single linkage clustering provides the
highest sensitivity and specificity in identifying the clones within Ig repertoire datasets (Gupta et

al., 2017).

To reconstruct the germline sequence for each clone group, I used CreateGermlines command
which reconstructs the germline sequence using the initial alignment data and IMGT-gapped
zebrafish germline sequences (Gupta et al., 2015, Alamyar et al., 2010). Using CreateGermlines,
Ig sequences within a clone will have the same germline sequence with identical germline V and
J genes; however, because the alignment of the D-element is frequently of low confidence, the D-
element was not used to generate the germline sequence; instead, I used germline with D gene

masked.

2.6.3. Sample coverage
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Using the total number of unique Ig sequences, the number of observed clones, and their relative
abundance (frequency) within each repertoire, I estimated sample coverage, as measured by
sample completeness or the proportion of the total number of Ig sequences in a repertoire that
belong to the sequences represented in the sample. I used assembled sequencing reads then, the
subcommand countClones in the alakazam package was used to determine the total number of
sequences and clones in each clonal group and their copy number (Stern et al., 2014). Subsequently
the R package iNext (iNterpolation/EXTrapolation) was used to estimate sample coverage (a
measure of sample completeness) for IgM and IgZ repertoires (Hsieh et al., 2016). Using species
richness (q=0) and sample abundance with a 95% confidence interval, iNext calculates sample
coverage using the information provided by countClones (the number of observed sequences,

clones, and their frequencies).

2.6.4. Building lineage trees and analysis of selection pressure, motif mutability, and the ratio

of transition to transversion

Using the output of CreateGermlines, | used BuildTrees to remove non-functional sequences,
collapse identical sequences, and convert datasets into [gPhyML-readable format (Gupta et al.,
2015). Non-functional (unproductive) sequences are identified during the initial alignment using
IMGT/High V-QUEST, sequences with out of frame junction or stop codon or frameshift mutation
in the coding region, or changes of conserved amino acids are identified as non-functional

sequences (Alamyar et al., 2010).
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Then using repertoires with at least a hundred unique Ig sequencing reads, I used IgPhyML
(HLP19 model) to build phylogenetic trees and to assess the evolutionary hypotheses of B-cell
affinity maturation (Hoehn et al., 2019). IgPhyML is a repertoire-wide phylogenetic framework
that uses maximum likelihood (ML) model to estimate tree topologies, branch lengths, and other
parameters (discussed below). However, IgPhyML estimates are inaccurate for small lineages
(Hoehn et al., 2019), and therefore, I only used Ig repertoires with at least a hundred unique Ig
sequencing reads (the majority of the lineages in the Ig repertoires with less than a hundred unique

sequences are small lineages).

Tused IgPhyML to quantify the selection pressure in each Ig repertoire by determining the ratio of
replacement (nonsynonymous) to silent (synonymous) mutations (dN/dS or R/S) within the CDRs
and FWRs separately. In addition, using [gPhyML, I determined the fold-change in mutability for
hotspot motifs which is calculated based on the frequency of mutations within the underlined base
of WRC, GYW, WA, and TW (where W = A/T, R = A/G, Y = C/T) motifs compared to regular
motifs minus one; therefore, a value greater than zero indicates a hotspot and less than a zero
indicates a coldspot. Also, the ratio of transition (within purines and pyrimidines) to transversion
(between purines/pyrimidines) mutations in the Ig repertoires was calculated using IgPhyML
(Hoehn et al., 2019). Finally, to avoid biases when estimating IgPhyML model parameters, the

CDR3 region was removed, as not all of it is germline coded.

To visualize I[gPhyML phylogenetic trees, [ used the Alakazam subcommand readlgphyml, which

reads the output of IgPhyML and provides the input for igraph package to plot the lineage trees

(Stern et al., 2014). To visualize the selection pressure values for CDRs and FWRs, I used
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readIgphyml subcommand (Stern et al., 2014). Then to combine the selection parameters of
different Ig repertoires into a single data frame, combinelgphyml, another subcommand in the
Alakazam package (Stern et al., 2014), was utilized, and to create the heat maps, I used ggplot2

package (Wickham, 2016).

In addition, using the output of splitseq and sequences with at least two copies, I used B-cell
repertoire inductive lineage and immunosequence annotator (BRILIA 3.5.7) software which
simultaneously annotates genes, clusters sequences, identifies SHM, and assembles lineage trees
based on CDR3 sequence, length, and VJ gene family (Lee et al., 2017). Using BRILIA VDJ
annotation is done by maximizing the total alignment score, which is calculated based on the
number of matched and mismatched nucleotides between the Ig repertoire sequences and the
germline sequence (Lee et al., 2017). Furthermore, BRILIA uses the percent of Hamming distance

(described in section 2.5.2) to construct lineage trees (Lee et al., 2017).

2.6.5. VDJ genes usage analysis

To determine the count and relative frequency of the IGHV, IGHD, and IGHJ genes within each

Ig repertoire, I used the output from CreateGermlines and countGenes subcommand in the

Alakazam package (Stern et al., 2014, Gupta et al., 2015). Then to visualize the VDJ gene usage

analysis results, ggplot2 package was used (Wickham, 2016).

2.6.6. Clonal diversity indices (Hill numbers)
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To estimate clonal diversity, I used the generalized diversity index (Hill numbers) and the output
of CreateGermlines (Hill, 1973, Chao et al., 2014, Gupta et al., 2015). Using alphaDiversity
subcommands in the Alakazam package (Stern et al., 2014), Ig repertoires diversity was calculated
using a 95% confidence interval, at diversity orders (q values) from 0 to 8. The total number of
clones in a sample (species richness) is calculated at q = 0; the exponential of Shannon’s entropy
index (q = 1) considers clones in proportion to their frequency. The inverse of Simpson’s
concentration index (q = 2) considers clones in proportion to their frequency and ignores rare
clones; thus, it represents the dominant clones, and q = o is the reciprocal of the proportional
richness (abundance) of the largest clones (Chao et al., 2014). As the diversity order (q value)
increases, larger clones weigh more; therefore, small clones slightly impact the diversity value at
high diversity orders but have a significant effect at diversity order q = 0 (Hill, 1973, Chao et al.,

2014).

To compare multiple Ig repertoires, I used repeated resampling in which samples are standardized
by sample completeness (Chao et al., 2014). Therefore, the difference in total sequence count in

each Ig repertoire is corrected to a common number of sequences across multiple Ig repertoires.

2.6.7. Clonal abundance

To calculate the complete clonal relative abundance, I used estimateAbundance subcommand in

Alakazam and the output of CreateGermlines (Stern et al., 2014, Gupta et al., 2015). Similar to

calculating clonal diversity I used a 95% confidence interval and repeated resampling to resample

each Ig repertoire to the same completeness and correct for the variability in total sequence counts
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between Ig repertoires (Gupta et al., 2015). To visualize the estimated complete clonal relative
abundance, I used plotAbundanceCurve subcommands in Alakazam (Stern et al., 2014).
plotAbundanceCurve plots the distribution of clonal abundance as a log-rank abundance
distribution in which percent abundance is plotted against rank order (Stern et al., 2014). The first
rank represents the most abundant clone, rank two corresponds to the clone with the second-highest

abundance, and so on. In addition, the rank shows how many clones were ranked (reviewed in

Matthews et al., 2015).

2.6.8. CDR3 length analysis

To calculate the average CDR3 length of the Ig repertoires, I used aminoAcidProperties
subcommand in Alakazam package and the output from CreateGermlines (Stern et al., 2014, Gupta
et al., 2015). Then I used ggplot2 package to visualize the distribution of the CDR3 length in each
repertoire (Wickham, 2016). The CDR3 (junction) sequence is determined using IMGT/High V-
QUEST during the initial alignment based on the anchor positions (Alamyar et al., 2010). Junction
nucleotide sequence starts in the 3' end of the V element at the second conserved cysteine (2nd-
CYS) at position 104 according to the IMGT unique numbering and ends with the conserved
tryptophan (TRP) at position 118 5' of the J region (Monod et al., 2004, Alamyar et al., 2010).
However, the conserved residues at the 5' and 3' are removed prior to CDR3 length analysis (Stern

etal., 2014).

2.6.9. Gene conversion analysis
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To determine if gene conversion event contributes to the diversity of the Ig repertoire in zebrafish,
I used the output from CreateGermlines and the Recombination Detection Program (RDP4)
(Martin et al., 2015, Gupta et al., 2015). Using Ig sequences from individual clones, RDP4
identifies and characterizes individual recombination events using GENECONV method, which
uses polymorphic nucleotides in a pair of sequences to detect gene conversion events and
determine parental sequences (Padidam et al., 1999, Martin et al., 2015). It should be noted that
RDP4 is not specific for identifying gene conversion events in Ig gene sequences; however, it was
used along with manual inspection for gene conversion events using zebrafish germline IGHV

sequences, IGHV pseudogenes, and sequenced Ig repertoires.

2.7. Ag retention within MM®C:s in zebrafish

To determine if long-term Ag retention occurs within MM®Cs in zebrafish, I vaccinated fish with
KLH or BSA conjugated to Alexa-647 (Invitrogen, Thermo Fisher Scientific), emulsified in
complete Freund’s adjuvant (Sigma) (described in section 2.3). Alexa-647 absorbance and
emission spectra are at 650 and 665 nm, respectively, which makes it distinguishable from the
autofluorescence emission spectra of MM® pigments in the 500-580 nm wavelength range

(Saunders et al., 2010).

One month following the injection, fish were dissected, and the spleen and kidney were removed

and identified. Then Zeiss Axio Imager M2 fluorescent microscope was used to isolate MM®Cs

from the spleen and kidney and determine if there is long-term Ag retention in the isolated clusters.
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2.8. Imaging Flow cytometry (ImageStream) analysis

To confirm the presence and the total number of lymphocyte-like cells within MM®Cs, I used
clusters isolated from the spleen and kidney of unvaccinated zebrafish. A total of 16 clusters from
the spleen and 15 clusters from the kidney were used in two separate imaging flow cytometry runs.

Individual clusters were photographed in brightfield and fluorescence before being processed.

2.8.1. Cell preparation

To dissociate the cells from isolated MM®C:s, clusters were mashed through a 40 um cell strainer
(pluriStrainer) using a 1 ml syringe plunger. Afterward, I stained the nuclei of the dissociated cells
using Hoechst 33342 fluorescent stain (Thermo Fisher Scientific). The total number of cells was
assessed using manual cell count before analyzing the samples through an imaging flow cytometer

(ImageStream).

2.8.2. Imaging flow cytometry (ImageStream) data analysis

After running the samples through an imaging flow cytometer (Luminex), [ used IDEAS 6.1.822.0
software (Luminex) to analyze the data. Using IDEAS 6.1.822.0 software, cells that were in focus
were initially selected, then, using aspect ratio, single cells were gated. Aspect ratio is calculated
based on the shape of the detected object; circular cells have aspect ratio values close to 1.0 (Zuba-

Surma et al., 2007). Following the removal of doublets and aggregates, a dot plot using area (size,
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x-axis) vs. intensity channel 6 (internal complexity, y-axis) was created to differentiate between

the subpopulations using cell size and internal complexity.
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Table 2.3. Number of zebrafish used in different experiments.

Type of experiment Number of zebrafish used
Ig repertoire libraries 14
Ag retention within MM®Cs 6
Imaging Flow cytometry and cell count analyses 10
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CHAPTER 111

RESULTS

3. Results

3.1. B-cell clonotypes expand while acquiring mutations within MM®Cs

3.1.1. Sample coverage and the total number of unique Ig sequences

Using iINEXT and assembled sequencing reads, VDJ recombination coverage for all the clusters
was at least 93.5% for both IgM and IgZ isotypes (Table 3.1). Ig repertoires isolated from MM®Cs
from unvaccinated zebrafish had a coverage between 93.5% and 99% for IgM isotype and between
98.9% and 99.6% for IgZ isotype (Table 3.1). VDJ recombination coverage for Ig repertoires
isolated from clusters from vaccinated zebrafish was between 97.5% and 98.8% for IgM isotype
and between 95.5% and 99.4% for IgZ (Table 3.1). The coverage for the whole kidney was 85%
for IgM and 98% for IgZ, and the intestine had 96% and 99% VDJ combination coverage for IgM
and IgZ isotypes, respectively. Ig repertoires isolated from the tissues surrounding kidney MM®Cs

had no IgZ sequences, and VDJ combination coverage for IgM was 97% (Table 3.1).

A single whole kidney and intestine had 5539, and 3823 total unique sequencing reads,

respectively. Ig repertoires isolated from both the whole kidney and intestine were mainly of IgM

isotype; a total of 4389 and 3155 unique sequencing reads were of IgM isotype in the kidney and
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intestine, respectively (Table 3.1). Ig repertoires isolated from unvaccinated fish MM®Cs
contained between 1064 and 2725 total unique sequencing reads, and most of these clusters had
IgM as the dominant isotype. Two repertoires of the Ig repertoires isolated from unvaccinated fish
MM®Cs had comparable unique sequencing reads for IgM and IgZ isotypes, and a single cluster
had mostly Ig sequences of IgZ isotype (Table 3.1). Ig repertoires isolated from vaccinated fish
MM®Cs had between 510 and 3660 total unique Ig sequences, and all the Ig repertoires isolated
from these clusters had IgM as the dominant isotype. Ig sequences of IgZ isotype were absent in a
single cluster from vaccinated fish MM®Cs, and four of the repertoires from these clusters had
less than a hundred total unique sequencing reads of IgZ isotype (Table 3.1). The two Ig repertoires
isolated from the tissues surrounding kidney MM®Cs had 82 and 129 total unique sequences, and

all the reads were of IgM isotype (Table 3.1).

3.1.2. B-cell clones

To determine the clonal relatedness of B-cells within a single repertoire, Ig sequences were
assigned into clones, where each clone is the offspring of a B-cell responding to an antigen with

mutated Ig sequences.

Analysis of the total number of clones within each repertoire, revealed that the number of clones
varied among the different repertoires. However, Ig repertoires from both unvaccinated and
vaccinated fish MM®Cs had more IgM isotype clones than the IgZ isotype (Table 3.1). Ig
repertoires isolated from unvaccinated fish MM®Cs had between 154 and 437 clones of IgM

isotype and between 7 and 24 clones of IgZ isotype. Most of the repertoires isolated from
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vaccinated fish clusters had a higher number of clones for both IgM and IgZ isotypes than
repertoires from unvaccinated fish clusters, despite having fewer total unique Ig sequences of IgZ
isotype (Table 3.1). Ig repertoires isolated from vaccinated fish clusters had between 99 and 1626
clones of IgM isotype and between 2 to 84 clones for IgZ isotype (Table 3.1). The whole kidney
and intestine Ig repertoires had 3511 and 1394 clones of IgM isotype and 413 and 91 clones of IgZ
isotype, respectively. The tissues surrounding kidney MM®Cs had 32 and 35 clones of IgM

isotype (Table 3.1).

The size of the clones varied among the different clusters; however, generally, it appears that each
cluster is dominated by a few clonally expanding B-cell clonotypes, with some of the dominant
clones having more than 400 mutated daughter cells; this was determined using IgPhyML (Hoehn
et al., 2019) (Table 3.2, Table 3.3). Generally, clones in the repertoires from unvaccinated fish
MM®Cs are larger than the clones in the repertoires isolated from vaccinated fish MM®Cs. In
addition, the largest dominant clones in the repertoires from unvaccinated fish clusters were mostly
of IgZ isotype, in contrast to the repertoires from vaccinated fish MM®Cs, where the largest clones
were mainly of IgM isotype (Table 3.2, Table 3.3). Nonetheless, clones with fewer daughter cells
compared to the dominant clones were also found within MM®Cs from unvaccinated and

vaccinated fish (Table 3.2, Table 3.3).

On average, in the repertoire isolated from unvaccinated fish MM®Cs, the size of the top five
largest clones ranged between 272 and 82 (Table 3.2). The size of the dominant clones varied in
repertoires isolated from MM®Cs from different tissues from the same unvaccinated fish. For

example, F2UKCa and F2USCa are repertoires isolated from the same unvaccinated fish kidney
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and spleen, respectively (Table 3.2). The size of the largest dominant clone in the repertoire
isolated from F2UKCa is 416; in contrast, the largest clone in the repertoire isolated from the
spleen cluster (F2USCa) from the same fish is 50 (Table 3.2). On the contrary, in the repertoires
isolated from unvaccinated fish number 3 MM®Cs (F3UKCa and F3USCa), the spleen cluster had
larger clones compared to the repertoire isolated from the kidney from the same fish (F3UKCa and
F3USCa, (Table 3.2)). The difference in the size of the dominant clones in the repertoires isolated
from MM®Cs from the same tissue of the same unvaccinated fish (F4USCa and F4USCb (Table
3.2)), was less evident compared to the size of the dominant clones of the repertoire isolated from
MMO®C from a different tissue of the same unvaccinated fish (F4USCa, F4USCb, and F4AUKCa

(Table 3.2)).

In the repertoires isolated from vaccinated fish MM®Cs, on average, the size of the top five largest
clones ranged between 92 and 41 (Table 3.3). Similar to the repertoires isolated from MM®Cs
from unvaccinated fish, the size of the dominant clones varied between repertoires isolated from
MMOCs from different tissues of vaccinated fish (F9VSCa and FOVKCa (Table 3.3)), and the size
of the dominant clones was similar in the repertoires isolated from MM®Cs from the same tissue
(F8VKCa and F8VKCb (Table 3.3)). However, unlike the repertoires from MM®Cs from
unvaccinated fish, the size of the dominant clones varied in the two repertoires isolated from
clusters from the kidney of vaccinated fish number 6 (F6VKCa and F6VKCb (Table 3.3)). In
addition, clones with similar size were found in two repertoires isolated from MM®Cs from
different tissues from the same vaccinated fish (FSVSCa and FSVKCa isolated from the spleen

and kidney, respectively (Table 3.3)).
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The top clones in the Ig repertoire isolated from the whole kidney had a smaller size compared to
the dominant clones in the repertoires isolated from MM®Cs from vaccinated and unvaccinated
fish (Table 3.2, Table 3.3, Table 3.4). The size of the largest clone in the whole kidney repertoire
is 46; conversely, in the repertoire isolated from MM®C from the same kidney, the size of the
largest clone is 404 (FIUKW (Table 3.4), and F1IUKCa (Table 3.2)). Unlike the Ig repertoire
isolated from the whole kidney, the size of the clones in the repertoire isolated from the whole
intestine was similar to the size of the dominant clones in the repertoires isolated from MM®Cs
from unvaccinated and vaccinated fish (Table 3.2, Table 3.3, Table 3.4). The largest clone in the
Ig repertoire isolated from the intestine is of IgZ isotype and had a size of 459 (F4AUIW (Table
3.4)). The size of the clones in the repertoires isolated from the tissues surrounding kidney
MMOCs was significantly smaller than the size of the dominant clones in the repertoires isolated
from MM®Cs from unvaccinated and vaccinated fish (Table 3.2, Table 3.3, Table 3.4). The size
of the top clones, except for one clone, ranged between 2 and 15 (F13VKS and F14VKS (Table
3.4)). The size of a single clone in the repertoires isolated from the tissues surrounding kidney

MM®Cs is 50 (F14VKS (Table 3.4)).

Several clones with a size equal to one were found in the Ig repertoires isolated from MM®Cs
from vaccinated and unvaccinated fish. These clones had no mutations in their Ig sequences, and

they were identical to their germline sequences (Fig.3.1).

Similar results were obtained using BRILIA (3.5.7) (Lee et al., 2017); Ig repertoires isolated from

MM®Cs from vaccinated and unvaccinated fish had a few dominant clones, and some of the

dominant clones had up to 300 daughter cells with unique mutations. The repertoire isolated from
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the whole intestine had a few dominant clones, and their sizes were similar to the size of the clones
in the repertoires prepared from MM®Cs. The clones in the repertoires isolated from the whole
kidney and tissues surrounding kidney MM®Cs were significantly smaller than those in the Ig
repertoires isolated from MM®Cs from vaccinated and unvaccinated fish. However, overall, the
number of daughter cells or the size of the clones was smaller using BRILIA (3.5.7) compared to

the numbers obtained using IgPhyML (Lee et al., 2017, Hoehn et al., 2019).

3.1.3 B-cell lineage trees

To provide a visualization of the evolutionary relationship between Ig sequences within a clone, |
constructed phylogenetic trees. Using igraph package to visualize IgPhyML phylogenetic trees for
each clone (Stern et al., 2014, Hoehn et al., 2019), I found that B-cell clonotypes proliferate and

accumulate mutations in their variable region within MM®Cs.

Mean tree length or the average expected substitutions per codon site among all lineages within a
single repertoire varied across the different repertoires of IgM and IgZ isotypes isolated from
vaccinated and unvaccinated fish MM®Cs (Table 3.5, Table 3.6). Typically, repertoires of I1gZ
isotype had a higher number of expected mutations per codon than repertoires of IgM isotype
(Table 3.5, Table 3.6). Ig repertoires isolated from unvaccinated fish MM®Cs had a mean tree
length between 0.06 and 0.16 for IgM isotype and between 0.25 and 0.99 for IgZ isotype (Table
3.5). All the repertoires from vaccinated fish MM®Cs had similar mean tree length values for I[gM
isotype (between 0.1 and 0.15); however, repertoires of IgZ isotype from these clusters had values

of mean tree length between 0.07 and 0.27 (Table 3.6).
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Using individual clones, the tree topology revealed the ancestral evolutionary relationships among
Ig sequences within a clone. Examples of lineage trees using IgPhyML and igraph (Stern et al.,
2014, Hoehn et al., 2019) show the germline sequences at the root of the trees, and the numbers of
expected mutations between ancestor and child nodes are shown as the branch length between
them (Fig.3.2, Fig.3.3). In these lineage trees, the internal nodes are inferred using maximum
likelihood (Hoehn et al., 2019), and the CDR3 sequence is used to represent each Ig sequence;
however, any mutation within the variable region is used to calculate the branch length. Despite
having the same number of Ig sequences in these lineage trees, sequences in the 1-Germline lineage
tree are more closely related to their germline sequence compared to Ig sequences in the 2-

Germline lineage tree (Fig.3.2, Fig.3.3).

Similarly, lineage trees constructed using BRILIA (3.5.7) revealed that B-cell clonotypes isolated
from MM®Cs from vaccinated and unvaccinated fish proliferate while acquiring mutations in their
Ig sequences. An example of a lineage tree generated using BRILIA (3.5.7) is shown in figure 3.4,
where the percent of Hamming distance (HAM %) is used to show the relationship between Ig
sequences within a single clone (Fig.3.4). The sequence with the smallest HAM % is assigned as
the root of the tree, and all the CDR3 sequences within a lineage tree are shown using a unique dot
color that corresponds to the translated sequence of the CDR3. All the sequences within a lineage
tree belong to the same V, D, and J gene families and each dot is a unique sequence (Fig.3.4). The
dot size reflects the copy number or the total template count for each sequence, and as shown in
figure 3.4, the Ig sequence at the branch point has a high copy number, which is consistent with

the accumulation of mutations in highly proliferating B-cell clonotypes (Fig.3.4).
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Table 3.1. Ig repertoires isolated from MM®C:s or tissues from unvaccinated and vaccinated

fish VDJ combination coverage, number of unique reads, and the total number of clones for

IgM and IgZ isotypes.
e 1 L 2 IgM isotype IgZ isotype

Fish Vaccination Coverage % Number of unique reads Total number of Clones Coverage % Number of unique reads Total number of Clones
F1UKCa none 98.8 1052 154 99.1 878 10
F2UKCa none 97.4 1495 366 99.6 1166 24
F2USCa none 98.4 926 256 99.1 138 7
F3UKCa none 93.5 876 437 99.2 336 21
F3USCa none 99 2307 332 99.5 418 9
F4UKCa none 98.6 989 169 99.6 1335 10
F4USCa none 98.5 1601 360 99.5 406 11
F4USCb none 98.6 1898 358 98.9 462 14
F5VSCa 1° PE-Alexa 2° BSA-Alexa 98.5 416 137 95.5 176 84
F5VKCa 1° PE-Alexa 2° BSA-Alexa 98.7 1569 478 98.9 416 31
F6VKCa 1° PE-Alexa 2° BSA-Alexa 98.5 1112 262 - 0 0
F6VKChb 1° PE-Alexa 2° BSA-Alexa 98.3 3295 992 98.3 253 33
F7VKCa 1° PE-Alexa 2° BSA-Alexa 98.1 421 99 96.8 89 2
F8VKCa 1° PE-Alexa 2° BSA-Alexa 98.8 2826 675 96.3 48 13
F8VKCb 1° PE-Alexa 2° BSA-Alexa 98.7 2513 672 98.9 111 22
F9VSCa  1° BSA-Alexa 2° KLH-Alex: 98.5 612 125 98.8 151 8
F9VKCa  1° BSA-Alexa 2° KLH-Alex: 98.5 1862 610 99.4 189 13
F10VKCa 1° BSA-Alexa 98 2898 970 96.1 66 4
F11VKCa 1°KLH 98.4 2109 687 98.4 89 13
F12VKCa 1° KLH 97.5 3411 1626 98.7 249 77
FIUKW none 85.9 4389 3511 98.2 1150 413
FAUIW none 96.8 3155 1394 99.6 668 91
FI3VKS 1° BSA-Alexa 97.3 82 32 - 0 0
F14VKS 1° BSA-Alexa 97.7 129 35 - 0 0

F# - Fish # in group; U/V - Unvaccinated/Vaccinated; cluster from K/S - Kidney/Spleen and cluster # -
a/b; W -whole tissue; I - intestine; S - tissues surrounding the clusters.

21° Primary, 2° Secondary; PE - Phycoerythrin; BSA - Bovine Serum Albumin; KLH - Keyhole Limpit
Hemocyanin; Alexa - Alexa 647
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Table 3.2. Size of the top clones in Ig repertoires isolated using individual MM®Cs from

unvaccinated zebrafish.

FIUKCa' F2UKCa' F2USCa' F3UKCa' F3USCa' F4UKCa' F4USCa' F4USCb'
Clone Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads
1 404 416 50 77 320 449 274 189
2 301 324 48 74 162 384 170 97
3 238 186 48 74 117 316 92 87
4 215 90 45 31 97 183 90 81
5 115 79 35 29 91 174 67 65
6 60 77 30 19 74 106 49 56
7 48 69 28 13 70 63 48 55
8 42 69 27 13 65 59 44 44
9 38 67 24 12 64 34 42 38
10 37 49 24 12 46 30 28 37

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
Shaded cells are clones of IgZ isotype.
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Table 3.3. Size of the top clones in Ig repertoires isolated using individual MM®Cs from

vaccinated zebrafish.

F5VSCa' F5VKCa' F6VKCa' F6VKCh' F7VKCa' F8VKCa'
Clone Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads
1 78 83 93 284 168 261
2 43 80 88 110 88 169
3 31 71 79 64 10 145
4 18 70 41 71 9 102
5 16 60 41 51 9 61
6 15 60 21 37 9 54
7 13 44 20 37 8 50
8 13 42 19 36 7 50
9 11 41 18 35 7 33
10 10 31 17 33 6 30
F8VKCb' F9VSCa' F9VKCa' F10VKCa' F11VKCa' F12VKCa'
Clone Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads Number of unique reads
1 258 105 42 109 78 205
2 165 41 41 57 77 146
3 126 38 41 45 61 113
4 75 37 40 43 53 66
5 70 30 36 37 38 48
6 52 29 36 37 33 38
7 40 27 32 36 31 24
8 31 27 28 32 28 23
9 25 26 29 31 27 23
10 22 24 26 31 27 21

'F# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
Shaded cells are clones of IgZ isotype.
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Table 3.4. Size of the top clones in Ig repertoires isolated using whole kidney, intestine, and

tissues surrounding kidney MM®Cs from zebrafish.

FIUKW' F4UTW' FI3VKS' F14VKS'
Clone Number of unique reads Number of unique reads Number of unique reads Number of unique reads
1 46 459 15 50
2 33 121 9 14
3 23 100 7 13
4 21 87 6 7
5 18 55 6 6
6 15 46 4 4
7 15 25 4 3
8 14 24 4 2
9 14 24 3 2
10 14 21 2 2

'F# - Fish # in group; U/V - Unvaccinated/Vaccinated; W - whole tissue; K - kidney: I - intestine; S - tissues
surrounding the clusters.
Shaded cells are clones of IgZ isotype.
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137_Clone 1 TTGACCTCCTCTGGTTCTGAGGTCAAGAAACCCAGAGAATCAGTCACACT 50
LULEEEEEERL R e e e r e e ey

137_Germline 1 TTGACCTCCTCTGGTTCTGAGOTCAAGAAACCCAGAGAATCAGTCACACT 50
137_Clone 51 GTCTTGTGTGGTTTCTGGACTCTCCCTTGCCTGGCTGCACTGGATAAGGE 100
II|I|||I|II||II||I||I|||I|I|||I||I||II||II|I|||I|I
137_Germline 51 G TGGCTGCACTGGATAAGGC 100
137_Clone 181 AGAAACCGGGAAAAGGCCTGGAGTGGATTGGCCGGATTGACAGTGGCACT 150
FOLPECELEEET R L LT EE e eyl
137_Germline 101 AGAAACCGGGAAAAGGCCTGOAGTGGATTGGCCGGATTGACAGTGGCACT 150
137_Clone 151 GGGACTATTTTTGCTCAGTCTCTACAAGGCCAATTTACCATCACTAAAGA 200
IIIII||I|II||IIIIII|I||II|I||III|I||III|II|III|I|I
137_Germline 151 G TAAAGA 200
137_Clone 201 CACCAGCAAAAACATGGTGTATTTGGAGATARAAAGCCTGAAGGCTGAAG 250
LOCCECEEEEET LR e e e e b e i er |
137_Germline 201 CACCAGCAAAAACATGGTGTATTTGGAGATAAAAAGCCTGAAGGCTGAAG 250
137_Clone 251 ATACTGCTGTTTATTACTACTGGGGGAAAGGAACCAAAGTGACAGTTTCC 300
[LCLECEL R e e e e b eyl
137_Germline 251 ATACTGCTGTTTATTACTACTGGGGGAAAGGAACCAAAGTGACAGTTTCC 300
137_Clone 391 TCA 303
11
137_Germline 391 TCA 303

Figure 3.1. Sequence alignment of Ig sequence (clone number 137) to its inferred germline.
Germline sequence was determined using CreateGermlines command, and the alignment was

carried out using emboss needle.
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Table 3.5. Mean tree length of Ig repertoires isolated from MM®Cs from unvaccinated
zebrafish. The analysis was performed using [gPhyML HLP19 model.

Fish' Mean tree length (IgM) Mean tree length (IgZ)
F1UKCa 0.15 0.99
F2UKCa 0.14 0.57
F2USCa 0.12 0.26
F3USCa 0.16 0.55
F3UKCa 0.06 0.25
F4UKCa 0.15 1.41
F4USCa 0.12 0.44
F4USCb 0.14 0.43
Average 0.13 0.65

SD 0.03 0.42

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
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Table 3.6. Mean tree length of Ig repertoires isolated from MM®Cs from vaccinated
zebrafish. The analysis was performed using [lgPhyML HLP19 model.

Fish' Mean tree length (IgM) Mean tree length (I1gZ)
F5VSCa 0.11 0.07
F5VKCa 0.14 0.24
F6VKCa 0.14 _
F6VKCb 0.13 0.14
F7VKCa 0.11 _
F8VKCa 0.15 _
F8VKCb 0.14 0.11
F9VKCa 0.1 0.25
F9VSCa 0.13 0.27
F10VKCa 0.13 _
F11VKCa 0.13 _
F12VKCa 0.11 0.16
Average 0.13 0.18
SD 0.01 0.07

'F# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
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1-Germline
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG

TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACGGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTCCTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
|TG TGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
|TG TGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
N TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
ETG TGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTCCAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTACGTATTACAATGCTTTTGACTACTGG
_:TG TGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATIACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATTCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
_:TGTGCAAGC GCTCCGTATTACAATGCTTTTGACTACTGG
TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG

I TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG
0.02 TGTGCAAGCGCTCCGTATTACAATGCTTTTGACTACTGG

Figure 3.2. An example of a lineage tree (1-Germline) using IgPhyML (HLP19 model) and
Alakazam (igraph). CDR3 nucleotide sequences are used to represent all the unique sequences
in the clone (the size of this clone is 51 unique sequences). The scale bar represents the branch

length (expected number of substitutions per codon site). The analysis was done using IgPhyML.
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2-Germline

TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
rTGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
—TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
*EEECAGG TCGTATAACAATGCTTTTGACTACTGG

TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
—TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
] —TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGCCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
| ETG TGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
—TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
_FIE TGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
—E_TG TGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
_EG TGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
—TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
——TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGCCGTATAACAATGCTTTTGACTACTGG
—TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
—TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG
TGTGCCAGGTCGTATAACAATGCTTTTGACTACTGG

0.1

Figure 3.3. An example of a lineage tree (2-Germline) using IgPhyML (HLP19 model) and
Alakazam (igraph). CDR3 nucleotide sequences are used to represent all the unique sequences
in the clone (the size of this clone is 51 unique sequences). The scale bar represents the branch

length (expected number of substitutions per codon site). The analysis was done using IgPhyML.
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Figure 3.4. An example of a lineage tree (group 1349) using BRILIA (3.5.7). Translated
sequences of the unique CDR3 sequences, only the different CDR3 sequences are shown (there
are 141 unique sequences in this clone but only 12 unique CDR3 sequences). Each dot is a unique
sequence, and each dot color corresponds to a unique CDR3 sequence, and the dot size reflects the
total copy number of each sequence. The x-axis shows the percent of Hamming distance calculated

based on the number of nucleotides at which two sequences of the same length differ.
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3.2. Dominant IGHV gene usage differs between vaccinated and unvaccinated fish and IgM

repertoires are more diverse than the IgZ repertoires

3.2.1. Amplification of the heavy chain V, D, and J gene segments

Ig repertoires isolated from the whole kidney and intestine were used as controls for total Vi family
expression and IgM and IgZ expression, respectively (Zhang et al., 2010, reviewed in Bilal et al.,
2021). All associated IgH VDJ genes were amplified from the whole kidney or intestine Ig
libraries; a total of 40 IGHV, 7 IGHD, and 7 IGHJ gene segments were found in these repertoires
(Table 3.7). IgM repertoires had a higher IGHV gene usage diversity than the IgZ repertoires from
both the whole kidney and intestine Ig repertoires. These two repertoires are from two different
fish; however, IGHV1-4 gene segment had the highest frequency in both IgM repertoires (Table
3.7). Similarly, IGHV1-4 gene segment was favored in the IgZ repertoire from the whole kidney;
however, IGHV1-1 had the highest frequency among the IGHV genes in the IgZ repertoire from

the intestine (Table 3.7).

The IgM-associated IGHD and IGHJ genes were amplified from the whole kidney and intestine
IgM repertoires. Although the frequencies of IGHD and IGHJ genes were similar in the IgM
repertoires from the whole kidney and intestine, IGHD2-4 had the highest frequency in the whole
kidney IgM repertoire; however, in the IgM repertoire isolated from the intestine, the most used
IGHD gene was IGHD2-1 (Table 3.7). On the other hand, IGHJ2-1 and IGHJ2-4 had the highest
frequencies among all the IGHJ genes in the IgM repertoires of the whole kidney and intestine,

respectively (Table 3.7). The two IgZ associated IGHD and IGHJ genes were amplified from the
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IgZ repertoires from the whole kidney and intestine (Table 3.7). Unlike the IgM repertoires, the
frequencies of IGHD and IGHJ genes were different in the IgZ repertoires from the whole kidney
and intestine. In the IgZ repertoire from the whole kidney, IGHD1-1 and IGHDI1-2 genes had
similar frequencies; likewise, comparable frequencies for IGHJ1-1 and IGHJ1-1 were found in
this repertoire (Table 3.7). However, IGHD1-2 had a significantly higher frequency than IGHD1-
1 in the IgZ repertoire isolated from the intestine, and IGHJ1-1 was favored in this repertoire

(Table 3.7).

3.2.2. Gene usage analysis

To compare the diversity of the IGHV gene segment among repertoires from unvaccinated fish
MM®Cs, repertoires from vaccinated fish MM®Cs, repertoires of IgM and IgZ isotypes, and
between repertoires from unvaccinated and vaccinated fish MM®Cs, 1 used countGenes

subcommand in the Alakazam package (Stern et al., 2014, Gupta et al., 2015).

Using Ig repertoires isolated from MM®Cs from both unvaccinated and vaccinated fish spleen and
kidney, I examined the IGHV gene usage for [gM and IgZ isotypes. Overall, the IGHV gene usage
diversity is higher in the Ig repertoires of IgM isotype compared to the IgZ repertoires from both
unvaccinated and vaccinated fish MM®Cs (Fig.3.5, Fig.3.6, Fig.3.7, Fig.3.8). Ig repertoires from
MMO®Cs from unvaccinated fish of IgM isotype favored some Vyu-elements (Fig.3.5). In the IgM
repertoires isolated from vaccinated fish MM®Cs, some of the common Vu-elements were
retained, and some of the least used genes in the unvaccinated fish samples became the most used

ones in specific repertoires from vaccinated fish MM®Cs (Fig.3.5, Fig.3.6). IgZ repertoires from
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unvaccinated fish MM®Cs had a low IGHV gene usage diversity; a few IGHV genes were almost
always favored in these repertoires (Fig.3.7). However, in the IgZ repertoires from vaccinated fish
MM®Cs, the favored IGHV genes in the unvaccinated fish MM®Cs IgZ repertoires became the

least used ones, and some of the rare genes became the most used ones (Fig.3.7, Fig.3.8).

Analysis of the IGHV gene usage for IgM isotype from unvaccinated fish MM®Cs revealed that
a few IGHV gene segments were favored in these repertoires (e.g., IGHVS5-1, IGHV1-4, IGHV4-
6, IGHV13-2, IGHV9-1) (Fig.3.5). IGHVS5-1 and IGHV4-6 gene segments were common to all
the IgM repertoires from unvaccinated fish MM®Cs, and they were used for up to 24% in most of
these repertoires (Fig.3.5). In addition, IGHV9-1 and IGHV1-4 made up to 18% of the IGHV
genes in IgM repertoires from unvaccinated fish MM®Cs, and IGHV13-2 was used for up to 10%
in these repertoires (Fig.3.5). IGHV4-1 gene segment was favored in most IgM repertoires from
unvaccinated fish MM®Cs; 27% of the Ig sequences of IgM repertoire in FAUKCa used IGHV4-
1 (Fig.3.5). IgM repertoires isolated from MM®Cs from the spleen and kidney of the same
unvaccinated fish shared most of their common IGHV genes (e.g., IGHV1-4, IGHV14-1, and
IGHVS5-1 in F3UKCa and F3USCa); however, higher frequency of specific IGHV genes was
found in the spleen or kidney of these repertoires (e.g., IGHV1-2 16% and 2% in F2UKCa and

F2USCa, respectively) (Fig.3.5).

In the IgM repertoires from vaccinated fish MM®Cs, some of the common Vy-elements were
retained (e.g., IGHVS5-1, IGHV1-4, IGHV4-6, IGHV9-1), and some of the least used genes in the
IgM repertoires from unvaccinated fish MM®Cs became one of the most used genes in specific

repertoires from vaccinated fish MM®Cs (e.g., IGHV4-2, IGHV10-1, and IGHV11-1) (Fig.3.6).
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In addition, IgM repertoires isolated from MM®Cs from fish that were vaccinated with the same
vaccine shared most of their dominant Vy-elements; for example, IgM repertoires isolated from
both F8VKCa and F§VKCb shared most of their IGHV gene usage frequency with FOVKCDb, these
clusters are from two different fish vaccinated with PE- Alexa 647 and boosted with BSA- Alexa
647 (Fig.3.6). Similarly, clusters from two fish vaccinated with KLH (F11VKCa and F12VKCa)
had comparable IGHV genes usage frequencies (Fig.3.6). Interestingly, IgM repertoires from
unvaccinated fish MM®Cs used IGHV11-1 up to 2% only (Fig.3.5); the frequency of IGHV11-1
increased in one or two clusters from vaccinated fish for up to 12%. The frequency of IGHV11-1
gene in two of the IgM repertoires from vaccinated fish MM®Cs was less than 1%; these
repertoires (F11VKCa and F12VKCa) are from KLH vaccinated fish MM®Cs. All the other
repertoires from vaccinated fish MM®Cs are from fish injected with KLH, PE, and BSA -Alexa-

647 conjugates (Fig.3.6).

The diversity of the IGHV gene usage in the 1gZ repertoires from unvaccinated fish MM®Cs was
significantly lower than the diversity of the Vy-element usage in the I[gM repertoires from the same
fish (Fig.3.5, Fig.3.7). Two IGHV genes (IGHV1-1 and IGHV13-2) always had the highest
frequency compared to the other IGHV genes in these repertoires (Fig.3.7). However, after
vaccination, the favored Vy-elements in the IgZ repertoires from unvaccinated fish MM®Cs
became the least used ones, and some of the rare IGHV genes became the most used ones in the
IgZ repertoires from vaccinated fish MM®Cs (Fig.3.7, Fig.3.8). For example, IGHV9-1, IGHV9-
3, and IGHV14-1 were among the rare IGHV genes in the IgZ repertoires from unvaccinated fish
MMOO®Cs; however, the frequencies of these genes increased significantly in the IgZ repertoires

from vaccinated fish MM®Cs (Fig.3.8).
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Analysis of the IGHD and IGHJ genes usage using Ig repertoires isolated from MM®Cs from
unvaccinated fish revealed that the diversity of the D and J elements is limited in the IgZ repertoires
compared to repertoires of IgM isotype (Fig.3.9, Fig.3.10, Fig.3.11, Fig.3.12). For IgZ, up to 70%
of IGHD gene usage in most of the repertoires were biased to IGHD1-2; similarly, between 50%
and 80% of the Ig sequences in all the Ig repertoires from unvaccinated fish MM®Cs used IGHJ1-
1 (Fig.3.10, Fig.3.12). However, most Ig repertoires of IgM isotype used different IGHD and IGHJ

genes for less than 30% and 35%, respectively (Fig.3.9, Fig.3.11).
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Table 3.7. Frequency of amplified V, D, and J genes isolated from whole kidney and intestine.

Gene  FIUKW (IgM)' F1UKW (IgZ)' F4UIW (IgM)' F4UIW (IgZ)'

IGHV1-4 0.12345 0.33656 0.16420 0.00194
IGHV14-1 0.08531 0.17940 0.08919 0.00325
IGHV9-1 0.07838 0.00105 0.13633 0.00000
IGHV4-6 0.07267 0.00231 0.04776 0.00107
IGHV5-1 0.05483 0.00041 0.09607 0.00000
IGHV13-2 0.05285 0.19847 0.05654 0.07516
IGHV10-1 0.05275 0.00018 0.03912 0.00000
IGHV1-1 0.05022 0.08513 0.03846 0.85894
IGHV4-1 0.03563 0.00326 0.01914 0.00000
IGHVS5-5 0.03491 0.00003 0.05531 0.00000
IGHVS-3 0.03489 0.00046 0.01233 0.00000
IGHVS5-4 0.02817 0.00003 0.01442 0.00004
IGHV1-2 0.02592 0.04472 0.01516 0.00420
IGHV4-8 0.02452 0.00072 0.00511 0.00246
IGHV7-1 0.02442 0.02466 0.06393 0.00000
IGHVS-3 0.02327 0.00000 0.01838 0.00000
IGHV9-2 0.01913 0.02717 0.01071 0.01081
IGHV4-2 0.01750 0.00041 0.00738 0.00000
IGHV9-4 0.01698 0.04644 0.01287 0.00851
IGHV2-1 0.01658 0.00000 0.00175 0.00067
IGHV1-3 0.01592 0.00236 0.01475 0.00000
IGHV11-2 0.01531 0.00249 0.01539 0.00000
IGHV4-9 0.01321 0.00174 0.00887 0.00000
IGHV6-2 0.01282 0.00000 0.00636 0.00000
IGHV2-2 0.01148 0.00010 0.00379 0.00000
IGHV4-3 0.01013 0.00264 0.00311 0.03006
IGHV8-1 0.00933 0.00067 0.00525 0.00000
IGHV3-2 0.00688 0.03310 0.01162 0.00234
IGHVS-8 0.00667 0.00000 0.00515 0.00000
IGHV6-1 0.00540 0.00164 0.00233 0.00000
IGHV4-5 0.00492 0.00003 0.00441 0.00000
IGHV5-7 0.00366 0.00046 0.00343 0.00000
IGHV4-7 0.00358 0.00000 0.00188 0.00000
IGHV11-1 0.00274 0.00074 0.00525 0.00000
IGHV9-3 0.00262 0.00162 0.00285 0.00000
IGHV1-5 0.00181 0.00095 0.00081 0.00055
IGHVS-2 0.00075 0.00000 0.00014 0.00000
IGHVS-4 0.00031 0.00003 0.00000 0.00000
IGHV2-3 0.00007 0.00003 0.00000 0.00000
IGHVS-2 0.00000 0.00000 0.00046 0.00000
IGHD2-4 0.22812 - 0.19787 -
IGHD2-3 0.19493 -- 0.16524 -
IGHD2-1 0.16792 - 0.20745 -
IGHD2-2 0.10336 - 0.13735 -
IGHD2-5 0.09043 - 0.07836 -
IGHD1-1 -- 0.47214 - 0.09275
IGHD1-2 - 0.32221 - 0.89498
IGHJ2-1 0.31710 -- 0.24211 -
IGHJ2-2 0.25033 -- 0.19892 -
IGHJ2-4 0.22436 -- 0.26684 -
IGHJ2-5 0.12251 -- 0.13970 -
IGHJ2-3 0.08545 - 0.15220 -
IGHJ1-2 -- 0.51380 - 0.12383
IGHJ1-1 -- 0.48563 -- 0.87597

IF# - Fish # in group; U/V - Unvaccinated/Vaccinated; W - whole tissue; K - kidney: I — intestine.
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IGHV Usage

30% -

sample
F1UKCa
F2UKCa
F2USCa
F3UKCa
F3USCa
F4UKCa
F4USCa
F4USCb

20% 1

Percent of repertoire

10% +

0% A

Figure 3.5. IGHV gene usage for IgM repertoires isolated from unvaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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IGHV Usage
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Figure 3.6. IGHV gene usage for IgM repertoires isolated from vaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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IGHV Usage

60% -

sample
F1UKCa
F2UKCa
F2USCa
F3UKCa
F3USCa
F4UKCa
F4USCa
F4USCb

40% A

Percent of repertoire

20% 1

0% A

IGHV1-1 1
IGHV1-2 7
IGHV1-3 7
IGHV1-4 7
IGHV10-1 T
IGHV13-27
IGHV14-1 1
IGHV2-2
IGHV3-2
IGHV4-3 7
IGHV4-6
IGHV5-1 7
IGHV6-1 T
IGHV6-2 7
IGHV9-2 7
IGHV9-3 7
IGHV9-4 7

Figure 3.7. IGHV gene usage for IgZ repertoires isolated from unvaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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IGHV Usage

100% -

75% - sample

F10VKCa
F11VKCa
F12VKCa
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IGHV1-3 7

Figure 3.8. IGHV gene usage for IgZ repertoires isolated from vaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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IGHD Usage

40% 1
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Figure 3.9. IGHD gene usage for IgM repertoires isolated from unvaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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IGHD Usage

60% -

sample
F1UKCa
F2UKCa
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F3UKCa
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Figure 3.10. IGHD gene usage for I1gZ repertoires isolated from unvaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.

113



IGHJ Usage
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Figure 3.11. IGHJ gene usage for IgM repertoires isolated from unvaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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IGHJ Usage
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IGHJ1-17
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Figure 3.12. IGHJ gene usage for IgZ repertoires isolated from unvaccinated fish MM®Cs.
Refer to table 2.1 and table 3.1 for a detailed description of the samples used. Analysis was

performed using countGenes subcommand in the Alakazam package.
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3.3. The distribution of R/S mutations indicates that Ag-driven selection process occurs

within MM®Cs

3.3.1. Estimates of the ratio of non-synonymous to synonymous substitutions (dN/dS) in the

CDRs and FWRs

To determine if there is an active Ag-driven selection process within MM®Cs, I used IgPhyML
HLP19 model (Hoehn et al., 2019) and the Ig repertoires generated from each cluster to examine
the ratio of replacement to silent mutations (R/S) in the complementarity determining regions
(CDRs) and the framework regions (FWRs). Although the R/S ratios varied among the IgM
repertoires isolated from MM®Cs from unvaccinated and vaccinated fish, their CDRs always had
a higher R/S estimate compared to the FWRs (Fig.3.13 A and B). Similarly, a higher R/S ratio was
found in the CDRs compared to the FWRs in the Ig repertoires of IgZ isotype isolated from
MMOOCs from vaccinated fish (Fig.3.13 D). However, four of the IgZ repertoires from MM®Cs
from unvaccinated fish had a higher R/S ratio in their FWRs compared to their CDRs; these four
IgZ repertoires are from the spleen and kidney of two different fish (F3UKCa, F3USCa, F4UKCa,

and FAUSCa (Fig.3.13 C)).

The R/S ratio of the Ig repertoires isolated from unvaccinated fish MM®Cs of IgM isotype was
between 0.88 and 1.67 and between 0.33 and 0.53 in their CDRs and FWRs, respectively (Fig.3.13
A). The R/S ratio for IgZ repertoires from unvaccinated fish MM®Cs ranged from 0.45 to 1.77
and between 0.77 and 1.07 in their CDRs and FWRs, respectively (Fig.3.13 C). IgM repertoires

1solated from MM®Cs from vaccinated fish had between 0.7 and 1.88 and between 0.28 and 0.48
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R/S ratio in their CDRs and FWRs, respectively (Fig.3.13 B). The R/S ratio for the IgZ repertoires
from MM®Cs from vaccinated fish was between 0.71 and 1.43 in their CDRs and between 0.32

and 0.95 in their FWRs (Fig.3.13 D).

3.3.2. Association between increased mean tree length and negative selection

Examination of the average mean tree length (i.e., the average expected substitutions per codon
site) and the R/S ratio in the FWRs, revealed a positive relationship between the mean tree length
and the R/S ratio in the FWRs (Fig.3.14). Ig repertoires of IgM isotype isolated from MM®Cs
from unvaccinated and vaccinated fish had an average mean tree length of 0.13 (Table 3.5, Table
3.6). Similarly, IgZ repertoires from vaccinated fish MM®Cs had an average mean tree length of
0.18 (Table 3.6). On the other hand, Ig repertoires of IgZ isotype isolated from MM®Cs from

unvaccinated fish had an average mean tree length equal to 0.65 (Table 3.5).

As shown in figure 3.14, Ig repertoires with longer mean tree length have a higher R/S ratio. All
the IgM repertoires isolated from both unvaccinated and vaccinated fish MM®Cs had a mean tree
length less than 0.25, and the R/S ratio of their FWRs was less than 0.55 (Fig.3.14). The slight
increase in the mean tree length found in some Ig repertoires of IgZ isotype from MM®Cs from
vaccinated fish is associated with an increased R/S ratio in their FWRs (Fig.3.14). The longest
mean tree length (1.41) was found in the repertoires of IgZ isotype from unvaccinated fish

MMOOCs, which also had the highest R/S ratio in the FWR (1.17) (Fig.3.14).
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Figure 3.13. Selection estimates (the ratio of replacement to silent mutations, R/S) for CDRs
(*CDR) and FWRs (*“FWR) using Ig repertoires isolated from MM®Cs from zebrafish. (A)
Unvaccinated (IgM isotype). (B) Vaccinated (IgM isotype). (C) Unvaccinated (IgZ isotype). (D)
Vaccinated (IgZ isotype). Refer to table 2.1 and table 3.1 for a detailed description of the samples
used. The analysis was performed using IgPhyML HLP19 model.
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Figure 3.14. Association between the mean tree length and the ratio of R/S in the FWRs of
the Ig repertoires isolated from MM®Cs from unvaccinated and vaccinated zebrafish. Blue
- IgM repertoires from MM®Cs from both unvaccinated and vaccinated fish; Red - IgZ repertoires
from MM®Cs from unvaccinated fish; Orange - IgZ repertoires from MM®Cs from vaccinated

fish.
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3.4. Nucleotide substitution patterns analysis reveals the involvement of AID and error-

prone polymerases in the mutation process within MM®Cs

3.4.1. Hotspot motifs mutability

To determine if AID and error-prone polymerases are involved in the mutation process, I used
IgPhyML HLP19 model (Hoehn et al., 2019) and the Ig repertoires generated from each cluster to
examine the fold-change in mutability for hotspot motifs compared to regular motifs. Four hotspot
motifs were examined, including WRC and its complement GYW and WA and its complement
TW (where W =A/T, R=A/G, and Y = C/T); altered substitution rates occur only in the underlined
bases. Altered mutation rates in WRC/ GYW and WA/ TW indicate the involvement of AID and
error-prone polymerases, respectively, in the mutation process (reviewed in Pilzecker et al., 2019,
Di Noia and Neuberger, 2007). Ig repertoires isolated from MM®Cs from both unvaccinated and
vaccinated zebrafish had altered substitution rates in the analyzed hotspot motifs; WRC, GYW,
and WA almost always had increased substitution rates with up to 4x increases in GYW
substitution rate (Table 3.8, Table 3.9, Table 3.10, Table 3.11). Generally, GYW motif exhibited
the highest substitution rate increases; on the other hand, TW had the lowest altered mutation rates
compared to all the considered motifs in the analyzed repertoires of IgM and IgZ isotypes isolated
from MM®Cs from both unvaccinated and vaccinated zebrafish (Table 3.8, Table 3.9, Table 3.10,

Table 3.11).

In the IgM repertoires isolated from unvaccinated fish MM®Cs, Generally, WA motif experienced

the highest altered mutation rate (1.30), and the largest substitution rate increases value was found
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in WA motif (1.83) compared to the other studied motifs (Table 3.8). Altered substitution rates in
GYW motif followed WA motif mutability; on average, these repertoires motif mutability of GYW
was equal to 0.8 (Table 3.8). Mutation rates in the WRC motif followed the rates found in the
GYW motif, motif mutability values of WRC were found to be between -0.34 and 0.8 in these
repertoires (Table 3.8). The lowest altered mutation rates were found in the TW motif; substitution
rate increases value was 0.03 for this motif in the IgM repertoires from unvaccinated fish MM®Cs

(Table 3.8).

Ig repertoires isolated from MM®Cs from unvaccinated fish of IgZ isotype showed significantly
higher substitution rates in WRC and its complement GYW compared to WA and its complement
TW (Table 3.9). In these repertoires, substation rates of WRC and GY'W motifs were, on average,
1.3 and 1.37, respectively (Table 3.9). Lower mutation rates were found in WA motif compared
to WRC and GYW motifs; motif mutability of WA was between -0.20 and 0.34 (Table 3.9). The
lowest mutation rate values were found in the TW motif, and they were between -0.49 and 0.62

(Table 3.9).

In the IgM repertoires isolated from vaccinated fish MM®Cs, GYW motif exhibited the highest
substitution rate increases; the mutation rate values for this motif ranged from 1.04 to 3.06 (Table
3.10). Altered substitution rates in WA motif followed GYW motif mutability in these repertoires;
on average, WA mutation rate was equal to 1.03 (Table 3.10). All the IgM repertoires from
vaccinated fish MM®Cs had increased substitution rates in the WRC motif, and the substation rate
values for this motif were between 0.1 and 2 (Table 3.10). Similar to the Ig repertoires from

unvaccinated fish MM®Cs, the lowest altered mutation rates of all the motifs considered were
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found in TW motif. substitution rate increases value for TW motif was between -0.12 and 0.53

(Table 3.10).

Ig repertoires isolated from MM®Cs from vaccinated fish of IgZ isotype overall had lower motif
mutability values in all the analyzed motifs compared to the substitution rate increases found in
the Ig repertoires from unvaccinated fish MM®Cs and the IgM repertoires from vaccinated fish
MM®Cs (Table 3.11). In these repertoires, GY W motif experienced the largest substitution rate
increases; on average, GYW motif mutability value was equal to 0.66. Mutation rates in GYW
motif were followed by WA motif mutability; substitution rates for WA motif ranged from -0.27
to 0.8 (Table 3.11). Unlike the Ig repertoires from unvaccinated fish MM®Cs and IgM repertoires
from vaccinated fish MM®Cs, the lowest mutation rate values were found in the WRC motif
compared to the other studied motifs and the substation rate values for this motif were between -
0.45 and 0.61 (Table 3.11). TW motif mutability value was between -0.27 and 1.22 in these

repertoires (Table 3.11).

3.4.2. The ratio of transitions to transversions

Using Ig repertoires of both isotypes (IgM and IgZ) from MM®Cs from unvaccinated and
vaccinated fish on average, the ratio of transition to transversion mutations was equal to 1.86
(Table 3.8, Table 3.9, Table 3.10, Table 3.11). Typically, the lowest transitions to transversions
ratio values were found in the IgZ repertoires from unvaccinated fish MM®Cs, and the highest
values of transitions to transversions ratio were detected in the IgM repertoires from vaccinated

fish MM®Cs (Table 3.9, Table 3.10). In the Ig repertoires from unvaccinated fish MM®Cs, the
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ratio of transitions to transversions ranged from 1.68 to 2.25 and from 1.33 to 1.74 for IgM and
IgZ, respectively (Table 3.8, Table 3.9). The ratio of transitions to transversions in the repertoires
isolated from MM®Cs from vaccinated fish was between 1.91 and 2.54 and between 1.56 and 2.37

for IgM and IgZ, respectively (Table 3.10, Table 3.11).

3.4.3. Nucleotide insertions and deletions (indels)

Using Ig repertoires isolated from MM®Cs from unvaccinated and vaccinated fish, I analyzed the
frequency of nucleotide insertions and deletions (indels) in the productive Ig sequences.
Examination of indels revealed that, in general, indels are infrequent in the Ig repertoires from
both unvaccinated and vaccinated fish MM®Cs (Table 3.12, Table 3.13). On average, only 2.2%
of the functional Ig sequences in these repertoires had indels (Table 3.12, Table 3.13). IgM
repertoires from both unvaccinated and vaccinated fish MM®Cs had a higher average percentage

of indels than IgZ repertoires (Table 3.12, Table 3.13).

In the Ig repertoires from MM®Cs isolated from unvaccinated fish, the percentage of indels was
between 0.8% and 4.8% and between 0.59% and 1.94% of the productive Ig sequences for IgM
and IgZ, respectively (Table 3.12). The frequency of indels in the repertoires from vaccinated fish
MMOCs ranged from 1% to 11.6% and from 0% to 4.49% for IgM and IgZ, respectively (Table
3.13). Some of the repertoires isolated from MM®Cs from different tissues of the same fish had a
similar frequency of indels for [gM and IgZ isotypes, or in some cases, they had a similar frequency
of indels in IgM or IgZ repertoires (Table 3.12, Table 3.13). As shown in table 3.13, repertoires

isolated from MM®Cs from the spleen and kidney of the same fish (FOVSCa and FO9VKCa) had
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similar indels frequencies for both IgM and IgZ repertoires (Table 3.13). The highest values of
indels were found in the IgM repertoires from vaccinated fish MM®Cs; the repertoires FOVKCa
and F6VKCD are from two different clusters from the kidney of the same fish, 11.6% and 10.3%,

respectively, of their productive Ig sequences had indels (Table 3.13).

3.4.4. Gene conversion

Using individual clones in the Ig repertoires from MM®Cs isolated from unvaccinated and
vaccinated fish, I examined the contribution of gene conversion to the diversity of the Ig repertoire
in zebrafish. While major gene conversion-like events or stretch of mutations were not detected in
the Ig sequences from both unvaccinated and vaccinated fish MM®Cs, a few minor gene

conversion-like events were found in a few Ig sequences.
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Table 3.8. Fold change in mutability for WRC, GYW, WA, and TW hotspot motifs and
transitions to transversions ratio (Ts: Tv), using Ig repertoires isolated from MM®Cs from

unvaccinated zebrafish (IgM isotype). The analysis was performed using IgPhyML HLP19

model.

Fish' WRC? GYW? WA’ TW? (Ts:Tv)
F1UKCa -0.11 1.10 0.77 0.03 2.06
F2UKCa 0.81 1.38 1.64 0.44 1.96

F2USCa 0.51 0.45 1.06 0.16 2.25
F3UKCa -0.34 -0.06 0.76 -0.29 1.82
F3USCa -0.04 1.23 1.02 -0.08 1.69
F4UKCa 0.30 0.04 1.83 0.07 1.68
F4USCa 0.11 1.05 0.96 0.23 1.84
F4USCb 0.00 0.44 0.94 -0.07 1.70
Average 0.16 0.80 1.30 0.03 1.88

SD 0.37 0.49 0.36 0.25 0.19

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
2only the underlined nucleotide experiences a change in mutability.

126



Table 3.9. Fold change in mutability for WRC, GYW, WA, and TW hotspot motifs and
transitions to transversions ratio (Ts: Tv), using Ig repertoires isolated from MM®Cs from

unvaccinated zebrafish (IgZ isotype). The analysis was performed using IgPhyML HLP19

model.

Fish' WRC? GYW? WA’ TW? (Ts:Tv)
F1UKCa 2.12 0.90 0.07 -0.49 1.33
F2UKCa 1.27 1.95 0.34 0.62 1.74
F2USCa 0.91 1.56 0.11 -0.48 1.42
F3UKCa 0.90 1.35 0.12 0.28 1.69
F3USCa 1.84 1.77 0.18 -0.32 1.68
F4UKCa 0.95 0.74 -0.11 0.51 1.51
F4USCa 0.35 0.52 -0.20 -0.01 1.52
F4USCb 2.00 1.52 0.21 -0.18 1.74

Average 1.29 1.37 0.09 -0.08 1.58
SD 0.59 0.46 0.16 0.38 0.15

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
2only the underlined nucleotide experiences a change in mutability.
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Table 3.10. Fold change in mutability for WRC, GYW, WA, and TW hotspot motifs and
transitions to transversions ratio (Ts: Tv), using Ig repertoires isolated from MM®Cs from

vaccinated zebrafish (IgM isotype). The analysis was performed using I[gPhyML HLP19 model.

Fish' WRC? GYW? WA’ TW? (Ts:Tv)
F5VKCa 0.60 2.40 1.35 0.39 1.94
F5VSCa 0.63 1.85 1.03 0.14 2.33
F6VKCa 0.70 2.48 1.12 -0.02 2.33
F6VKCb 1.00 3.06 1.12 0.03 2.40
F7VKCa 2.0 1.74 1.04 0.53 1.99
F8VKCa 0.83 2.52 0.78 0.09 2.44
F8VKCb 0.82 2.61 0.63 0.05 2.54
FIVKCa 0.10 1.04 0.88 -0.02 2.03
FIVSCa 0.61 1.89 1.25 0.27 1.91
F10VKCa 1.18 2.76 1.10 0.19 2.02
F11VKCa 0.57 1.34 1.12 0.44 2.23
F12VKCa 0.15 1.16 0.70 -0.12 2.29
Average 0.60 1.98 1.03 0.18 2.20

SD 0.30 0.59 0.22 0.21 0.21

IF# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
2only the underlined nucleotide experiences a change in mutability.
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Table 3.11. Fold change in mutability for WRC, GYW, WA, and TW hotspot motifs and
transitions to transversions ratio (Ts: Tv), using Ig repertoires isolated from MM®Cs from

vaccinated zebrafish (IgZ isotype). The analysis was performed using [gPhyML HLP19 model.

Fish' WRC’? GYW? WA? TW? (Ts:Tv)
F5VKCa -0.35 -0.20 0.35 -0.14 1.56
F5VSCa 0.61 0.54 0.81 -0.27 2.17
F6VKCb -0.39 1.24 0.57 0.04 1.93
F8VKCb 0.14 1.33 0.41 -0.04 2.37
F9VKCa 0.44 1.32 -0.27 1.22 1.56
F9VSCa -0.70 -0.19 -0.04 -0.01 1.83
F12VKCa -0.45 0.59 0.11 0.43 1.57
Average -0.10 0.66 0.28 0.18 1.86

SD 0.46 0.62 0.34 0.47 0.30

IF# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
2only the underlined nucleotide experiences a change in mutability.
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Table 3.12. The percentage of nucleotide insertions and deletions (indels) in the Ig repertoires

isolated from MM®Cs from unvaccinated zebrafish.

Fish' Indels % (IgM) Indels % (IgZ)
F1UKCa 3.20 1.60
F2UKCa 4.80 1.00
F2USCa 3.50 0.59
F3UKCa 0.80 1.40
F3USCa 1.40 1.39
F4UKCa 2.30 1.17
F4USCa 1.60 1.94
F4USCb 0.80 1.60
Average 2.30 1.34

SD 1.34 0.39

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
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Table 3.13. The percentage of nucleotide insertions and deletions (indels) in the Ig repertoires

isolated from MM®Cs from vaccinated zebrafish.

Fish' Indels % (IgM) Indels % (IgZ)
F5VSCa 5.10 0.45
FSVKCa 2.50 0.64
F6VKCa 11.60 —
F6VKCb 10.30 3.60
F7VKCa 1.13 0.00
F8VKCa 2.60 0.00
F8VKCb 2.00 1.40
F9VKCa 1.00 1.88
F9VSCa 1.20 1.86

F10VKCa 1.70 4.49
F11VKCa 6.00 0.89
F12VKCa 1.89 1.60
Average 3.92 1.53
SD 3.48 1.36

'F# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
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3.5. Diversity analysis indicates the presence of an effective recruitment mechanism within

MM®Cs

To determine if there is an effective recruitment and diversifying mechanism within MM®Cs, I
used Hill numbers and clonal abundance to examine the clonal diversity of B-cell clonotypes

within individual clusters.

3.5.1. Clonal diversity indices (Hill numbers)

Using Ig repertoires generated from unvaccinated and vaccinated fish MM®Cs and the whole
kidney and intestine, the generalized diversity index (Hill numbers) revealed that Ig repertoires
(IgM and IgZ combined) isolated from individual MM®Cs from unvaccinated and vaccinated fish
have low clonal diversity and more related clones (Fig.3.15, Fig.3.16). All the repertoires isolated
from unvaccinated and vaccinated fish MM®Cs had low diversity numbers at all the diversity
orders (q values) compared with the Ig repertoire isolated from the whole kidney (Fig.3.15,
Fig.3.16). In order to be able to compare multiple Ig repertoires, I used repeated resampling to

correct for the variability in total sequence counts among the repertoires.

In the Ig repertoires isolated from unvaccinated fish MM®Cs, between 150 and 425 clones were
sampled (species richness at q = 0) (Fig.3.15). Ig repertoires isolated from the whole kidney and
intestine had around 900 and 600 clones, respectively (Fig.3.15). At the inverse of Simpson’s
concentration index (q = 2), which considers species in proportion to their frequency and ignores

rare species, the diversity number for the Ig repertoires from unvaccinated fish MM®Cs and the
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intestine was less than 80 (q = 2, Fig.3.15). On the other hand, the diversity number for the Ig
repertoire from the whole kidney at the same order (q = 2) was around 650 (Fig.3.15). As the
diversity order increased, the diversity number for the Ig repertoires decreased; however, the
diversity number for the whole kidney Ig repertoire remained relatively high even at higher

diversity orders (e.g., q = 8) (Fig.3.15).

Species richness of the Ig repertoires isolated from vaccinated fish MM®Cs was between 100 and
425 clones (Fig.3.16). At the diversity order, which represents the dominant clones, the diversity
number for the Ig repertoires from vaccinated fish MM®Cs was around 120 (q = 2, Fig.3.16).
Similar to the Ig repertoires from unvaccinated fish MM®Cs, the diversity number for the Ig

repertoires from vaccinated fish MM®Cs decreased as the order increased (Fig.3.16).

3.5.2. Clonal abundance

Using complete clonal abundance distribution, I found a few highly abundant clones in the Ig
repertoires isolated from unvaccinated and vaccinated fish MM®Cs and the intestine (Fig.3.17,
Fig.3.18). Conversely, clones in the Ig repertoire isolated from the whole kidney had similar
abundance and high evenness, as indicated by the shallow gradient or the lower slope (Fig.3.17).
Using repeated resampling, all the Ig repertoires were standardized by sample completeness to

correct for the variability in total sequence counts.

Between 500 and 1200 clones were ranked in the Ig repertoires from unvaccinated and vaccinated

fish MM®Cs, and around 1500 and 1200 clones were ranked in the Ig repertoires from the whole
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kidney and intestine, respectively (Fig.3.17, Fig.3.18). In the Ig repertoires from unvaccinated fish
MM®Cs, the abundance of the most abundant clone (at 10°) was between 7% and 25% (Fig.3.17),
and in the repertoires from vaccinated fish MM®Cs the abundance of the clone with the highest-
ranking (10°) was between 4% and 35% (Fig.3.18). The abundance of the most abundant clone in
the whole kidney and intestine was around 2% and 25%, respectively (Fig.3.17). The steep
gradient found in all the Ig repertoires from unvaccinated and vaccinated fish MM®Cs, and the
intestine indicates that the abundance of the clones in these repertoires is not evenly distributed; a
few clones have much higher abundance than the low-ranking clones (i.e., clones at 10? and 10%)

(Fig.3.17, Fig.3.18).
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Figure 3.15. Hill numbers (diversity index) using Ig repertoires isolated from unvaccinated
zebrafish MM®Cs and the whole kidney and intestine. 9D is the diversity number, q values are
the orders of the diversity number. q = 0 is the total number of clones in a sample, q = 1 is the
exponential of Shannon’s entropy index (considers clones in proportion to their frequency), and q
= 2 is the inverse of Simpson’s concentration index (considers clones in proportion to their
frequency and ignores rare clones). q= oo is the reciprocal of the proportional richness of the
commonest clones. Each line represents an individual repertoire; the shaded areas are 95%
confidence intervals. Refer to table 2.1 and table 3.1 for a detailed description of the samples used.

The analysis was performed using alphaDiversity subcommand in the Alakazam package.
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Figure 3.16. Hill numbers (diversity index) using Ig repertoires isolated from vaccinated
zebrafish MM®C:s. D is the diversity number, q values are the orders of the diversity number. q
= 0 is the total number of clones in a sample, q = 1 is the exponential of Shannon’s entropy index
(considers clones in proportion to their frequency), and q = 2 is the inverse of Simpson’s
concentration index (considers clones in proportion to their frequency and ignores rare clones). q=
o is the reciprocal of the proportional richness of the commonest clones. Each line represents an
individual repertoire; the shaded areas are 95% confidence intervals. Refer to table 2.1 and table
3.1 for a detailed description of the samples used. The analysis was performed using

alphaDiversity subcommand in the Alakazam package.
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Figure 3.17. Clonal abundance curve using Ig repertoires isolated from unvaccinated
zebrafish MM®Cs and the whole kidney and intestine. Abundance is the clone size as a percent
of the repertoire; clones abundances are plotted in decreasing order from the most abundant on the
left to the least abundant clones on the right. Each line represents an individual repertoire; the
shaded areas are 95% confidence intervals. Refer to table 2.1 and table 3.1 for a detailed
description of the samples used. The analysis was performed using estimateAbundance

subcommand in the Alakazam package.
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Figure 3.18. Clonal abundance curve using Ig repertoires isolated from vaccinated zebrafish
MM®Cs. Abundance is the clone size as a percent of the repertoire; clones abundances are plotted
in decreasing order from the most abundant on the left to the least abundant clones on the right.
Each line represents an individual repertoire; the shaded areas are 95% confidence intervals. Refer
to table 2.1 and table 3.1 for a detailed description of the samples used. The analysis was performed

using estimateAbundance subcommand in the Alakazam package.
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3.6. IgM and IgZ junction (CDR3) region analysis

3.6.1. Non-templated nucleotides (N- nucleotides) and palindromic nucleotides (P-

nucleotides)

Analysis of the N- and P-nucleotides additions using productive Ig sequences isolated from
unvaccinated and vaccinated fish MM®Cs revealed that overall IgZ repertoires accumulated more
N- and P-nucleotides than IgM repertoires (Table 3.14, Table 3.15, Table 3.16, Table 3.17).
Furthermore, the percentage of Ig sequences in the IgM repertoires from both unvaccinated and
vaccinated fish MM®Cs that had N- and P-nucleotides additions at the VD and DJ junctions was
similar (Table 3.14, Table 3.15). It is necessary to notice that all the productive, unique Ig
sequences within a repertoire were used to calculate the percentage of N- and P-nucleotides
additions; therefore, these numbers are biased by clone size (Table 3.14, Table 3.15, Table 3.16,

Table 3.17).

In the IgM repertoires from unvaccinated fish MM®Cs, on average, 57.8% and 58.4% of the
productive sequences had N- and P-nucleotides additions between V and D and D and J segments,
respectively (Table 3.14). In addition, 63.9% and 53.5% of the functional IgM sequences from
vaccinated fish MM®Cs had N- and P-nucleotides insertions at the VD and DIJ junctions,

respectively (Table 3.15).

On the other hand, 70.9% and 61.6% of the Ig sequences of IgZ isotype from unvaccinated fish

MMO®Cs contained N- and P-nucleotides additions between VD, and DJ segments, respectively
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(Table 3.16). In the IgZ repertoires from vaccinated fish MM®Cs, N- and P-nucleotides additions
were found in 71% and 81.4% of the productive Ig sequences at the VD and DJ junctions,

respectively (Table 3.17).

3.6.2. CDR3 length

Examination of the CDR3 length using Ig repertoires from unvaccinated and vaccinated fish
MM®Cs showed that, on average, IgZ repertoires from unvaccinated fish MM®Cs had a longer
CDR3 compared to IgM repertoires from unvaccinated and vaccinated fish MM®Cs (Fig.3.19 A
and B, Fig.3.20 A). CDR3 length was determined based on the number of amino acids between

the first and last conserved residues.

The CDR3 length in all the IgM repertoires from MM®Cs isolated from vaccinated fish was
between 10 and 11 aa (Fig.3.20 A). Similarly, except for one repertoire, CDR3 length ranged from
10 to 11 aa in the IgM repertoires from unvaccinated fish MM®Cs; the CDR3 length was between
11 and 12 aa in one of these repertoires (Fig.3.19 A). The CDR3 length for the IgZ repertoires
from unvaccinated fish MM®Cs was between 10 and 15 aa (Fig.3.19 B). For the IgZ repertoires

from vaccinated fish MM®Cs, CDR3 length ranged from 9 to 12 aa (Fig.3.20 B).
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Table 3.14. The percentage of N- and P-nucleotide additions in the IgM repertoires isolated

from MM®Cs from unvaccinated zebrafish.

Fish' NP1 %’ NP2 %’
F1UKCa 40.50 87.10
F2UKCa 53.60 67.30
F2USCa 70.60 57.60
F3UKCa 63.00 50.40
F3USCa 53.20 52.20
F4UKCa 41.70 41.80
F4USCa 71.80 55.79
F4USCb 68.00 55.60
Average 57.80 58.47

SD 11.66 12.73

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
NP1 - Nucleotides between V and D segments; NP2 - Nucleotides between D and J segments.
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Table 3.15. The percentage of N- and P-nucleotide additions in the IgM repertoires isolated

from MM®Cs from vaccinated zebrafish.

Fish' NP1 %®  NP2%’
FS5VKCa 65.20 60.00
F5VSCa 47.60 46.20
F6VKCa 72.40 44.00
F6VKCb 69.90 47.70
F7VKCa 81.20 78.40
F8VKCa 66.60 42.50
F8VKCb 66.20 56.10
F9VKCa 59.90 51.30
F9VSCa 52.30 52.20
F10VKCa 65.10 52.90
F11VKCa 55.60 59.90
F12VKCa 65.70 50.70
Average 63.98 53.49

SD 8.72 9.23

'F# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
INP1 - Nucleotides between V and D segments; NP2 - Nucleotides between D and J segments.
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Table 3.16. The percentage of N- and P-nucleotide additions in the IgZ repertoires isolated

from MM®Cs from unvaccinated zebrafish.

Fish' NP1 %> NP2 %’
F1UKCa 71.10 70.50
F2UKCa 75.68 81.10
F2USCa 64.40 49.70
F3UKCa 86.20 49.50
F3USCa 62.70 60.60
F4UKCa 74.90 63.60
F4USCa 54.00 44.50
F4USCb 78.50 73.40
Average 70.94 61.61

SD 9.53 12.17

'F# - Fish # in group; U - Unvaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
NP1 - Nucleotides between V and D segments; NP2 - Nucleotides between D and J segments.
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Table 3.17. The percentage of N- and P-nucleotide additions in the IgZ repertoires isolated

from MM®Cs from vaccinated zebrafish.

Fish' NP1 %’ NP2 %’
FS5VKCa 82.50 63.20
F5VSCa 36.90 74.80
F6VKCb 68.10 54.70
F7VKCa 98.30 100.00
F8VKCa 96.70 91.80
F8VKCb 96.40 88.50
F9VKCa 51.69 63.70
F9VSCa 74.70 100.00

F10VKCa 98.80 98.80
F11VKCa 3.50 100.00
F12VKCa 74.50 60.00
Average 71.10 81.41
SD 28.73 17.47

'F# - Fish # in group; V - Vaccinated; cluster from K/S - Kidney/Spleen and cluster # - a/b.
NP1 - Nucleotides between V and D segments; NP2 - Nucleotides between D and J segments.
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Figure 3.19. CDR3 length using Ig repertoires isolated from unvaccinated zebrafish
MM®Cs. (A) IgM repertoires. (B) IgZ repertoires. Boxes show the distribution of the CDR3
length, the whiskers extend to the most extreme values, and the dots show the outliers. Refer to
table 2.1 and table 3.1 for a detailed description of the samples used. The analysis was performed

using aminoAcidProperties subcommand in the Alakazam package.
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Figure 3.20. CDR3 length using Ig repertoires isolated from vaccinated zebrafish MM®Cs.
(A) IgM repertoires. (B) IgZ repertoires. Boxes show the distribution of the CDR3 length, the
whiskers extend to the most extreme values, and the dots show the outliers. Refer to table 2.1 and
table 3.1 for a detailed description of the samples used. The analysis was performed using

aminoAcidProperties subcommand in the Alakazam package.
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3.7. Long-term Ag retention occurs within MM®Cs isolated from vaccinated zebrafish

To determine if long term Ag retention occurs within MM®Cs in zebrafish, I injected fish with

antigen conjugated to a fluorescent label.

Using isolated MM®Cs from zebrafish vaccinated with KLH or BSA conjugated to Alexa-647,
microscopy results revealed that long-term Ag retention occurs within MM®C:s in the spleen and
kidney one month after the initial vaccination (Fig.3.21, Fig.3.22). The autofluorescence emission
spectra of MM® pigments in the 500—-580 nm wavelength range (Saunders et al., 2010) make it

distinguishable from Alexa-647 absorbance and emission spectra at 650 and 665 nm, respectively.

Fig.3.21 shows MM®C isolated from the kidney from zebrafish vaccinated with KLH -Alexa-647,
after one month, the injected Ag can be detected at 633 nm wavelength (Cy5 laser) and the merged
image. Similarly, the injected Ag (BSA -Alexa-647) is found within MM®C isolated from the

spleen from zebrafish one month after the initial vaccination (Fig.3.22).
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Figure 3.21. Antigen retention within MM®C isolated from zebrafish kidney. Kidney MM®C
isolated from zebrafish immunized with keyhole limpet haemocyanin (KLH) -Alexa-647 one
month following the vaccination. (A) Autofluorescent MM ®s observed in the FITC channel. (B)
Alexa-647 in the Cy5 channel. (C) Bright-field image. (D) Merged image. MM®C was imaged

using Zeiss Axio Imager M2 fluorescent microscope.

148



Figure 3.22. Antigen retention within MM®C isolated from zebrafish spleen. Spleen MM®C

isolated from zebrafish immunized with bovine serum albumin (BSA) -Alexa-647, one month
following the vaccination. (A) Autofluorescent MM®s observed in the FITC channel. (B) Alexa-
647 in the Cy5 channel. (C) Bright-field image. (D) Merged image. MM®C was imaged with Zeiss

Axio Imager M2 fluorescent microscope.
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3.8. lymphocyte-like cells within MM®Cs

3.8.1. Total number of cells within MM®Cs using manual cell count

Using intact, isolated zebrafish MM®Cs from the spleen and kidney and manual counting on a
hemocytometer, I estimated the total number of cells in a cluster to be 41,420 cells/cluster. Four
clusters from the spleen and four clusters from the kidney were isolated, and after dissociating the
cells, the total number of cells was found to be 33,040 cells/cluster and 49,800 cells/cluster for the
spleen and kidney, respectively. Estimation of the total number of cells using manual counting was
performed to ensure that imaging flow cytometry analysis will not underestimate the number of

cells as a result of damaging too many cells.

3.8.2. Total number of cells and lymphocyte-like cells within MM®Cs using imaging flow

cytometry (ImageStream)

Intact MM®C:s isolated from zebrafish spleen and kidney were used to verify the total number of
cells and the presence of lymphocyte-like cells within these clusters. As shown in figure 3.23 and
figure 3.24, the diameter of the analyzed clusters varied and ranged from =200 to 350 um
(Figure.3.23, Figure.3.24). Isolated clusters were first passed through a cell strainer to dissociate
the cells then the nuclei of the dissociated cells were stained. Subsequently, the samples were run
through an imaging flow cytometry (ImageStream), and data were analyzed using IDEAS
6.1.822.0 software (Luminex). Initially, I kept only the cells in focus; cells out of focus were

discarded (R1, Figure 3.25 A). Then, single cells were selected; doublets, debris, and aggregates
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were removed (R2, Figure 3.25 B). After selecting focused cells and removing doublets and
aggregates, I found the total number of cells in MM®Cs isolated from the spleen and kidney to be
33,252 cells/cluster and 37,091 cells/cluster, respectively (Table 3.18). Two separate imaging flow
cytometry runs were performed using eight MM®Cs from zebrafish spleen and eight clusters from
the kidney in the first run and eight MM®Cs from zebrafish spleen and seven clusters from the
kidney in the second run. In the first run, the total number of cells was 33,231 cells/cluster and
35,062 cells/cluster in MM®Cs isolated from the spleen and kidney, respectively. A total 0f 33,273
cells and 39,120 cells were found in individual MM®Cs from the spleen and kidney, respectively,

during the second run of the imaging flow cytometry (Table 3.18).

Subsequently, the number of lymphocyte-like cells in individual clusters was determined based on
the cell size and internal complexity. Previously, leukocyte populations from whole kidney cell
suspension were described in zebrafish using flow cytometry, and they were able to identify three
populations, monocytes/macrophage and granulocytes, hematopoietic precursors, and
lymphocyte-like cells (Petrie-Hanson et al., 2009). Lymphocyte-like cells have low internal
complexity, and they are small; however, they are larger in size than erythroid cells (Petrie-Hanson
et al., 2009, Traver et al., 2003). MM® is the primary cell type within MM®Cs, and it has been
shown that MM®s vary widely in their size and internal complexity; nonetheless, MM®s have
higher internal complexity and are larger in size than lymphocyte-like cells (Diaz-Satizabal et al.,
2015). Therefore, using imaging flow cytometry (ImageStream), I was able to identify
lymphocyte-like cells which have a small size and low internal complexity (R3, Figure 3.25 C,

representative images of lymphocyte-like cells are shown in Figure.3.25).
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I found 5305 lymphocyte-like cells in individual MM®Cs isolated from the spleen and 6027
lymphocyte-like cells/cluster in MM®Cs isolated from the kidney (Table 3.19). A total of 4,293
and 6,473 lymphocyte-like cells were found in individual MM®Cs isolated from the spleen and
kidney, respectively, during the first imaging flow cytometry run. In the second run, 6,318
lymphocyte-like cells/cluster and 5,581 lymphocyte-like cells/cluster were found in MM®Cs
isolated from the spleen and kidney, respectively (Table 3.19). In addition, the diameter of the
analyzed lymphocyte-like cells isolated from MM®Cs varied and ranged from 5 to 7 um

(Figure.3.25).
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Figure 3.23. Representative images of MM®C:s isolated from zebrafish spleen and used for
imaging flow cytometry analysis. Left column autofluorescent MM®s in the FITC channel, and

on the right column are the bright-field images. Scale bar =200 um.
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Figure 3.24. Representative images of MM®C:s isolated from zebrafish kidney and used for
imaging flow cytometry analysis. Left column autofluorescent MM®s in the FITC channel, and

on the right column are the bright-field images. Scale bar = 200 pm.
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Figure 3.25. Workflow of the analysis to identify lymphocyte-like cells using imaging flow
cytometry and cells isolated from MM®Cs from zebrafish kidney. (A) R1, Selected focused
cells. (B) R2, Focused single cells, aspect ratio is calculated based on the shape of the detected
object; circular cells have aspect ratio values close to 1.0. (C) R3, lymphocyte-like cells; area (cell
size) vs. intensity (cell internal complexity) dot plot, and representative images of lymphocyte-like
cells. Cell images were captured with 40 x objective, Scale bar = 7um. FSC, forward scatter; SSC,
side scatter. Analysis was done using IDEAS 6.1.822.0 software.
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Table 3.18. Estimated total number of cells isolated from individual MM®Cs (R2, Figure
3.25).

kidney MM®Cs spleen MM®Cs
Imagestream 1st run 35062 33231
Imagestream 2nd run 39120 33273
Average 37091 33252
SD 2029 21

Table 3.19. Estimated total number of lymphocyte-like cells isolated from individual
MM®Cs (R3, Figure 3.25).

Kidney MM®Cs Spleen MM®Cs
Imagestream 1st run 6473 4293
Imagestream 2nd run 5581 6318
Average 6027 5305.5
SD 446 1012.5
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3.9. IgM constant region

Using the first Cp exon (Cpl), 260 nucleotides were sequenced. Analysis of the sequenced Cpl
region revealed that point mutations, insertion, and deletion mutations accumulate within this
region. Interestingly, many insertion mutations were observed in this region. However, the primers
that were used to amplify this region were not verified, and thus, although we were able to
sequence the Cul region, the majority of the sequences were from genes other than our target
gene. Therefore, I was not able to perform further analysis on the observed mutations in the Cpl

region.

3.10. V-less IgM and IgZ transcripts

Using Ig repertoires from unvaccinated and vaccinated fish MM®Cs, several Ig (IgM and IgZ)

sequences that lack the VH region were found. In these sequences, the leader sequence is spliced

to the first exon of the C-p or C-C (Fig.3.26 A and B).
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(A)

TGCATTTCAGTTCTGCTGCTCTTGTTAAGTCTACAGCCTCAACCATCTGCGCCCCAGTCAGT
CTTCGGTTTGTCTCAGTGCA

(B)

GGTTTATACTGTCAAGGCATGGAATATACACTGGACGCAGGTGACCGTGACAAATGAAACT
CTCACAGCACCAGTTGTGTTCAAAATGTCTCAGTGTAGTTCTTCTACTGATTCCTTAATTATT
GGATGTCTGGCCTCTGA

Figure 3.26. Examples of the Ig sequences which lack the VH region. The leader sequence is
spliced to the first exon of the C-p (A) or C-{ (B); the primer sequences for the leader sequences
and the constant regions are underlined. Shaded nucleotides match the constant regions of (A) IgM

(B) IgZ.
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CHAPTER 1V

DISCUSSION

4. Discussion

4.1. Overview

In homeotherms, during a humoral immune response to a T-cell dependent antigen, following the
interaction with antigen-specific T-cell, a few activated B-cells migrate back to the B-cell follicle
within the secondary lymphoid organs, where they form transient structures known as germinal
centers (GCs) (reviewed in Stebegg et al., 2018). These activated B-cells rapidly divide and
undergo clonal expansion within the follicle. During this process, activated B-cells displace naive
B-cells, which form the mantle zone around the GC. By day 7 post-immunization, the GC can be
divided into two distinct compartments known as the dark zone and the light zone (reviewed in De
Silva et al., 2015). Large, proliferating B cells, now referred to as centroblasts, downregulate Ab
production and upregulate AID expression within the dark zone. AID expressed in the centroblasts
causes somatic hypermutations (SHM) in the VDJ exon to alter (and potentially enhance) their
antibodies' binding affinity to the exogenous antigen. Modified B-cells, now known as centrocytes,
move to the light zone. Centrocytes are small, nondividing B-cells expressing membrane
antibodies. Within the light zone, centrocytes compete for a limited number of antigens trapped on
the surface of FDCs; centrocytes with high affinity for the antigen endocytose it and present it via

class I MHC to Tth cells, from which they receive survival signals based on their affinity to the
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exogenous antigen. Subsequently, selected B-cells can return to the dark zone for more SHM and
proliferation or undergo a phase of proliferation, and daughter cells will differentiate into antibody-
secreting plasma cells and memory B-cells (Ise et al., 2018, reviewed in De Silva et al., 2015,

Stebegg et al., 2018).

Cold-blooded vertebrates lack GCs; however, they have a fully functional Ig mutator enzyme
(AID) (reviewed in Magor, 2015). In bony fish, AID is expressed within melano-macrophage
clusters (MM®Cs), which are aggregates of highly pigmented melano-macrophages in the spleen
and kidney (Saunders et al., 2010). Within MM®Cs, melano-macrophages (MM®s) are
extensively encapsulated by reticular cells, and at least in cyprinids (goldfish and zebrafish), intact
clusters can be isolated from surrounding tissues (Diaz-Satizabal et al., 2015). These clusters are
also associated with IgM" B-cells and CD4" T-cells (Saunders et al., 2010); in addition, studies
have shown that antigen is retained within MM®Cs for a long period (Lamers et al., 1985, Lamers
CH, De Haas MJ 1985, Ziegenfuss et al., 1991). These observations led to the hypothesis that

MM®Cs in fish are functionally analogous to GCs in mammals and birds.

Hence, the current study sought to directly test the hypothesis that MM®Cs are acting as
primordial GCs in fish by examining the hallmarks of the GC reaction within MM®C:s, including
1. Clonal expansion of activated B-cells.
2. Accumulation of AID and error-prone polymerases induced mutations in the VDJ exon of
the Ig gene of activated B-cells.

3. The presence of an active antigen-driven selection process.
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4.2. Proliferation and clonal expansion of B-cell clonotypes within MM®Cs

The results shown in table 3.2 and table 3.3 revealed that B-cell clonotypes clonally expand within
MMOCs, with some of the clonotypes having more than 400 daughter cells. While the size of the
clones varies among the different clusters, generally, it appears that each cluster is dominated by
a few clonally expanding B-cell clonotypes. Despite having similar VDJ combination coverage to
the repertoires from the clusters, the clones isolated from the whole kidney were smaller than the
clones from the clusters. Even though the size of the largest clone from the whole kidney is
comparable to the size of some clones in a few repertoires isolated from MM®Cs, multiple clones
with the size of the largest clone from the whole kidney Ig repertoire were found in the repertoires
from the clusters. On the other hand, B-cell clonotypes isolated from the whole kidney generally
had a smaller size than the clones found in the clusters. In addition, lineage trees showed that B-
cell clonotypes clonally expand within MM®Cs while acquiring mutations in their Ig VDJ
sequences (Fig.3.2, Fig.3.3, Fig.3.4). These observations indicate that MM®C:s in fish are the sites
where B-cell clonotypes proliferate and accumulate mutations in their variable region, which is
consistent with the hypothesis that MM®C:s in fish are functionally analogous to GCs. Within the
dark zone of the GC, B-cells (centroblasts) extensively proliferate while acquiring AID and error-
prone polymerases mediated SHM (reviewed in De Silva et al., 2015, Mesin et al., 2016, Verstegen

etal., 2021).

In agreement with the variability in the total number of clones and the size of the dominant clones

among MM®Cs, it has been shown that following immunization, the degree of clonal dominance

varies among GCs (Tas et al., 2016); in addition, they demonstrated that affinity maturation occurs
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within GCs that have low clonal dominance (Tas et al., 2016). Moreover, a study using complex
antigens (Bacillus anthracis protective antigen and influenza hemagglutinin) revealed that
antibody affinity maturation process was associated with increased clonal diversity (Kuraoka et

al., 2016).

Interestingly, clones in the Ig repertoires isolated from MM®Cs from unvaccinated fish were, in
general, larger than the clones from MM®Cs from vaccinated fish. In addition, the number of
clones for both IgM and IgZ isotypes was higher in the Ig repertoires isolated from MM®Cs from
vaccinated fish compared to the number of clones in the clusters from unvaccinated zebrafish.
While we dissected the vaccinated fish at specific timepoints following the vaccination, B-cell
clonotypes could have been proliferating for a longer period of time within MM®Cs from
unvaccinated fish. Nevertheless, it has been demonstrated that B-cells rapid clonal expansion
(referred to as clonal bursts), which leads to a significant loss of clonal diversity, occurs at different
rates within different GCs (Tas et al., 2016). Consistent with this, the size and number of clones
varied among MM®Cs isolated from vaccinated fish that were dissected at the same timepoint
(Table 2.1, Table 3.1, Table 3.3); similarly, variability in the size and number of the clones was

also found in MM®C:s isolated from unvaccinated zebrafish (Table 3.1, Table 3.2).

The findings that the size of the dominant clones varied among some of the clusters that were
isolated from different tissues from the same fish and between MM®Cs isolated from the same
tissue from the same fish is consistent with the heterogeneity in the clonal dominance between

GCs, even when they were isolated from the same lymph node (Tas et al., 2016).
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Recently, computational models estimated the total number of B-cells within a GC to be around
2000 cells at the peak of the GC reaction (Pélissier et al., 2020), which is similar to the total number
of unique Ig sequencing reads found within MM®Cs (Table 3.1). Nonetheless, an earlier study
using stained human lymph node frozen sections estimated the total number of cells in a GC to be
between 12,000 and 14,000 cells, and around 5,000 B-cells are estimated to be within a GC
(Kuppers et al., 1993). On average, Ig repertoires isolated from unvaccinated and vaccinated fish
MM®Cs had 2058 total unique VDJ sequencing reads; however, some repertoires had as many as
3660 and as low as 510 unique VDIJ sequencing reads. Of note, the size of MM®C:s in fish varies
and increases in repose to infection or immunization, similar to mammalian GCs (Herraez et al.,
1986, Agius, 1979, Secombes et al., 1982, reviewed in Steinel and Bolnick, 2017). For example,
in Nile tilapia, the size of MM®Cs significantly increased in response to bacterial infections
(Manrique et al., 2019). Similarly, MM®Cs size increased in southern bluefin tuna following
treatment with Schistosoma (a parasitic infection; Nowak et al., 2021). These studies indicate that
MMO®OCs in fish participate in the immune response against pathogens, and perhaps the increase in
MM®Cs size in response to infection is associated with an increase in the number of B-cells within

a cluster.

In addition to the dominant clones, smaller clones were also found within MM®C:s from the spleen
and kidney, suggesting that the clusters are continually evolving structures and develop toward the
dominance of a few clones and their progeny (Table 3.2, Table 3.3). Similarly, it has been shown
that subclones are found within GCs at different timepoints (Tas et al., 2016). Moreover, using
two-photon laser-scanning microscopy, it has been reported that GCs are open and dynamic

structures, and recently activated follicular B-cells have the ability to enter an ongoing GC
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(Schwickert et al., 2007). Also, antigen-specific B-cells with high affinity for the exogenous
antigen can be recruited to an ongoing GC (Schwickert et al., 2007). They suggested that the open
structure of the GC improves the competition between high-affinity antigen-specific B-cells
(Schwickert et al., 2007). More recently, it has been shown that clonal expansion of a specific B-
cell clonotype in a GC is followed by the appearance of a similar B-cell clonotype in a neighboring
GC, further supporting the dynamic, open structure of the GC (Firl et al., 2018). Therefore, the
subclones in the Ig repertoires isolated from MM®Cs from unvaccinated and vaccinated zebrafish
could indicate that these clusters are open structures and activated B-cells can enter and proliferate

within the clusters at varying times.

During the GC formation, proliferating B-cells push and replace naive follicular B-cells within the
follicle, which leads to the formation of the mantle zone around the GCs (reviewed in De Silva et
al., 2015). Similarly, we found several B-cell clonotypes with no mutations in their Ig sequences
associated with isolated clusters (Fig.3.1); these clones could be naive B-cells within or

surrounding MM®Cs.

Tissues immediately surrounding MM®Cs significantly had fewer total unique Ig sequencing
reads than the clusters, and no B-cell clonotypes of IgZ isotype were found in these tissues. In
addition, the clones isolated from the tissues surrounding MM®Cs were much smaller than the
clones isolated from MM®Cs; only one of the clones from the surrounding tissues had a size
comparable to the size of the clones isolated from MM®Cs (Table 3.2, Table 3.3, Table 3.4). These
findings are consistent with MM®Cs being the sites where B-cells proliferate and acquire

mutations before migrating to the surrounding or mucosal tissues. A recent study in rainbow trout
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found a high number of IgT expressing cells in the spleen and kidney of immersion vaccinated fish
(Hoare et al., 2017), and our results suggest that these IgT expressing B-cells are predominantly
within MM®Cs. The mucosal antibody in bony fish is known as IgZ or IgT for zebrafish or

rainbow trout/teleost, respectively (Danilova et al., 2005, Hansen et al., 2005).

Consistent with the previous suggestion that the posterior kidney is a secondary lymphoid organ
in fish (Zwollo et al., 2005), the results from MM®Cs from the spleen and kidney are similar.
Using transcription factors that are differentially expressed during B-cell activation, it has been
shown that the kidney has a high number of partially activated B-cells and plasma cells (Zwollo et
al., 2005). My results support the hypothesis that, similar to the spleen, the posterior kidney is a
secondary lymphoid organ in fish; B-cell clonotypes proliferate while acquiring mutations within
MM®Cs isolated from the spleen and kidney. B-cells activation and proliferation following
antigens encounter occur predominantly within the secondary lymphoid organs (reviewed in
Cyster et al., 2019). In addition, in mammals and birds, B-cells proliferate while acquiring
mutations within the GC, which forms in the secondary lymphoid tissues (reviewed in Stebegg et

al., 2018).

MM®Cs from vaccinated fish had mainly IgM"™ B-cell clonotypes; in contrast, most of MM®Cs
from unvaccinated fish had IgZ as the predominant isotype. This finding indicates that the role of
MM®Cs in the development of Ag-specific B-cells is not limited to [gM " B-cells but also involves
IgZ" B-cells, which has been described as the primary antibody isotype in mucosal immunity in
teleost (Zhang et al., 2010). While we induced a systemic immune response in the vaccinated fish,

unvaccinated fish could have been responding to mucosal infection. A recent study demonstrated
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that the production of IgZ in zebrafish is largely dependent on ap/CD4" T cells; depletion of T-
cells in vivo significantly reduced IgZ production, indicating that IgZ production is T-cell-
dependent (Ji et al., 2021). Previously it has been revealed that MM®Cs are associated with the
transcripts for TCR  and CD4 (Saunders et al., 2010). Our results suggest that T cell-dependent
IgZ proliferation occurs mainly within MM®Cs, where both IgM" and IgZ" B-cell clonotypes

proliferate and acquire mutations.

In contrast to the size of the clones that were isolated from the whole kidney, several large clones
of both IgM and IgZ isotypes, with up to 459 clone size, were found in the Ig repertoire isolated
from the intestine. A single cluster was isolated from the kidney before preparing the whole kidney
Ig repertoire; the size of the largest clone in the Ig repertoire from MM®C isolated from the whole
kidney was 404, which is much larger than the largest clone in the whole kidney Ig repertoire
(Table 3.2, Table 3.4). These results indicate that mutations and clonal expansion of B-cell
clonotypes occur somewhere in the intestine. Subsequent fluorescence microscopy analysis
revealed that MM®Cs are found in the intestine (unpublished observation), in addition to the
spleen and kidney in zebrafish. Consistent with our results, a study has shown that IgD* IgM", IgD"
IgM*, and IgT" (IgDIgM") B-cells clonally expand within the intestine in rainbow trout

(Perdiguero et al., 2019).

In summary, the data presented in this section showed that B-cell clonotypes clonally expand
within MM®Cs while acquiring mutations in their Ig VDJ sequences. In addition, the presence of
subclones in the Ig repertoires isolated from MM®Cs from unvaccinated and vaccinated fish

indicates that these clusters are continually evolving structures and develop toward the dominance

166



of a few clones and their progeny. Moreover, it appears that MM®Cs are open structures, and
activated B-cells can enter and proliferate within the clusters at varying times. Also, my results
revealed that the role of MM®Cs in the development of Ag-specific B-cells is not limited to IgM
expressing B-cells but also involves IgZ expressing B-cells. Collectively, these results support the
hypothesis that MM®Cs in fish function as primordial germinal centers. Moreover, my data
support the hypothesis that the posterior kidney is a secondary lymphoid organ in fish similar to
the spleen. Finally, analysis of the Ig repertoire isolated from the intestine revealed that clonal
expansion of B-cell clonotypes with concomitant somatic hypermutation occurs somewhere in the

intestine.

4.3. Evidence for common Vu-elements usage in distinct repertoires

In zebrafish, IgH locus consists of several Vi segments followed by two D, two J, and C regions
of 1gZ (DC-JC-CL) between the Vi segments and five Dud, five Juo, Cu, and Cd gene segments,
which encode both IgM and IgD (Danilova et al., 2005). All associated IgH VDJ genes were
captured from whole kidney or intestine Ig libraries. Even though the whole kidney and intestine
are from two different fish, their I[gM repertoires had similar V, D, and J genes usage frequencies
suggesting that the two fish Ig repertoires were under a common selection force (Table 3.7).
Similarly, a previous study using zebrafish Ig repertoires isolated from the whole fish revealed
evidence for convergent evolution in which different fish had comparable VDJ usage frequencies

(Weinstein et al., 2009).
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In zebrafish, the Vu-elements are shared and rearranged to D{-JC-CC or Dpud-Jud-Cp/Co; however,
my results revealed that the diversity of the IGHV gene is significantly lower in the Ig repertoires
of IgZ isotype compared to the IgM repertoires (Fig.3.5, Fig.3.6, Fig.3.7, Fig.3.8). All the IgZ
repertoires isolated from unvaccinated fish MM®Cs favored a few IGHV gene segments,
indicating the presence of common selection pressure on these repertoires. Similar observations
were reported using IgT repertoires isolated from unvaccinated rainbow trout spleen, where they
found a few shared B-cell clonotypes in the IgT repertoires from different individuals; on the other
hand, the most abundant B-cell clonotypes differ from fish to fish (Magadan et al., 2018). They
suggested that perhaps the IgT repertoires in the unvaccinated fish are under common selection
pressure, and because IgT/IgZ is involved in mucosal immunity, this common selection pressure
could be shared components of the microbiota (Magadan et al., 2018). Consistent with this, my
data revealed that the usage of the IGHD and IGHJ genes in the IgZ repertoires was biased in most
of the repertoires from unvaccinated fish MM®Cs compared to the IgM repertoires. Recent
examination of the IgM and IgT repertoires diversity in rainbow trout demonstrated that biases in
the V, D, and J genes usage are prevalent in the IgT repertoires; however, IgM repertoires are more
diverse and less restricted in their VDJ genes usage (Costa et al., 2021). IgM in fish is the primary
Ig class in the serum and functions mainly as a systemic Ig. On the other hand, IgT is focused
mainly on mucosal immunity; therefore, it was hypothesized that the abundant IgM would have
less pressure to use specific VDJ genes compared to the IgZ isotype, which has a more specialized

function (Costa et al., 2021, Zhang et al., 2010, reviewed in Hikima et al., 2011).

My data showed that [gM and IgZ repertoires from unvaccinated fish MM®Cs favored some of

the Vu-elements; a few IGHV genes were common to all the IgM or IgZ repertoires from
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unvaccinated fish MM®Cs (Fig.3.5, Fig.3.7). Previously, using unvaccinated zebrafish, it was
demonstrated that different individuals share a common frequency of VDIJ usage, perhaps in
response to common selection pressures in their environment (Weinstein et al., 2009). Moreover,
the common IGHV genes found in different Ig repertoires from unvaccinated fish MM®Cs could
result from combinatorial biases during the recombination process. Consistent with this, biases in
V, D, and J genes usage during the recombination process have been established in mammals; for
example, in the human naive B-cell repertoire, different IGHV genes are used as little as 0.1% to
over 10% during the rearrangement process (reviewed in Jackson et al., 2013). The bias in gene
usage during the recombination process is also reported in the IGHD and IGHJ genes; distinct
IGHD genes are used at frequencies between 1% and 15% of the rearrangements, and different
IGHJ genes are used from less than 1% to more than 50% of the total rearrangements in human B-
cell repertoire (reviewed in Jackson et al., 2013). In addition, combinatorial biases were also
reported in unvaccinated rainbow trout (Magadan et al., 2018). Similarly, a previous study using
unvaccinated zebrafish demonstrated that a few V, D, and J genes are preferentially used in the
primary repertoires in young and adult fish, which indicates that VDJ combinatorial biases are
present in zebrafish. However, the biases in VDJ usage are different between young and adult fish
(Jiang et al., 2011). Biases in the V, D, and J genes usage during the recombination process are
genetically determined; however, the mechanism responsible for the combinatorial biases is not
fully understood (reviewed in Jackson et al., 2013). Nevertheless, several factors, including
variation in the enhancers and RSS, have been associated with biased V, D, and J genes usage
(reviewed in Jackson et al., 2013). My results could support the hypothesis that combinatorial
biases during VDJ recombination evolved early in the vertebrate. However, it should be noted that

the size of the clones influences VDJ usage analysis, and thus, it is likely that the observed biases

169



in VDJ usage reflect the expansion of B-cell clonotypes with the appropriate VDJ combination

within unvaccinated fish MM®Cs (Fig.3.5, Fig.3.7).

Vaccination induced a shift in the IGHV gene usage, as shown in figure 3.5 and figure 3.6;
following vaccination, some of the common Vyu-elements were retained, and some of the least used
genes in the IgM repertoires from unvaccinated fish MM®Cs became one of the most used genes
in specific repertoires from vaccinated fish MM®Cs. Likewise, after vaccination, the favored
IGHV genes in the IgZ repertoires from unvaccinated fish MM®Cs became the least used ones,
and some of the rare IGHV genes became the most used ones in the IgZ repertoires from vaccinated
fish MM®Cs. These results suggest that the injected vaccine induced the expansion of certain
IGHV genes in the repertoires from vaccinated fish MM®Cs. However, it is necessary to notice
that the number of Ig sequences of IgZ isotype was much lower in the repertoires from vaccinated
fish MM®Cs compared to the number of IgZ sequences isolated from unvaccinated fish MM®Cs.
A study using rainbow trout vaccinated with an attenuated strain of the rhabdovirus Viral
Hemorrhagic Septicemia Virus (VHSV) showed that less frequent IGHV genes in the
unvaccinated fish expanded following vaccination (Magadan et al., 2018). Subsequent analysis
demonstrated that the antibodies associated with these common IGHV genes (named public
antibodies) are able to neutralize the virus and thus protect against VHSV infection (Castro et al.,

2021).

[gM repertoires isolated from MM®Cs from fish vaccinated with the same vaccine shared most of

their dominant Vu-elements with a relative increase in specific IGHV genes compared to the Ig

repertoires from unvaccinated fish MM®Cs (Fig.3.5, Fig.3.6). The finding that two fish using the
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same IGHV elements for their activated B-cells following immunization is unlikely to occur by
chance alone; therefore, this could be indicative of common selection pressures on the repertoires
of different individuals. Also, these results demonstrate that the injected vaccine induced common
modifications on the Ig repertoires of the individuals that were vaccinated with the same vaccine.
A study using rainbow trout vaccinated intraperitoneally with the enteric red mouth (ERM)
vaccine, a Yersinia ruckeri bacterin, revealed that the frequency of the dominant clones in the
unvaccinated fish was altered after vaccination (Magadan et al., 2019). Vaccination resulted in
increased frequencies of certain IGHV genes, and some of the common IGHV genes in the
unvaccinated fish Ig repertoires significantly decreased after vaccination. In addition, vaccination-
induced IGHV gene usage modifications were shared among different individuals (Magadan et al.,
2019). However, the shift in the IGHV usage was significantly lower in the IgT repertoires in the
spleen compared with the IgM repertoires, indicating that the systemic route of immunization has
a much lower effect on IgT than IgM (Magadan et al., 2019). Consistent with this, IgZ repertoires
from fish that were vaccinated with the same vaccine shared only a few of their dominant IGHV
genes; however, the total number of Ig sequences of IgZ isotype isolated from vaccinated fish is

much lower than the Ig sequences in the IgZ repertoires from unvaccinated fish MM®Cs.

Interestingly, among all the Vu-elements identified in a repertoire, Ig repertoires from
unvaccinated fish MM®Cs used IGHV11-1 up to 2% only; the use of IGHV11-1 increased in one
or two clusters from vaccinated fish for up to 12% after Alexa-647 conjugated protein vaccination,
regardless of whether the conjugating protein was KLH, PE, or BSA. Conversely, the frequency

of IGHV1I1-1 in two repertoires isolated from MM®Cs from unconjugated keyhole limpet
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haemocyanin (KLH) vaccinated fish was less than 1% (F11VKCa and F12VKCa (Fig.3.6)). One

interpretation for these results is that IGHV11-1 is binding to Alexa-647 as an epitope.

Taken together, my data revealed that the usage of the IGHV, IGHD, and IGHJ genes is more
restricted and less diverse in the IgZ repertoires compared to the IgM repertoires; this could be due
to the specialized function of IgZ in mucosal immunity compared to the abundant IgM (reviewed
in Hikima et al., 2011). In addition, the finding that some of the Vu-elements are favored in the Ig
repertoires from unvaccinated fish indicates that the repertoires from these individuals are under
common selection pressures in their environment; however, the bias in VDJ usage could result
from combinatorial biases during the recombination process. Lastly, my VDJ usage analysis using
Ig repertoires isolated from vaccinated fish MM®Cs revealed that the injected vaccine induced the
expansion of particular IGHV genes in these repertoires, and the results from Ig repertoires from
different fish vaccinated with the same vaccine demonstrate that the repertoires of the different

individuals were under common selection pressure.

4.4. MM®Cs have low clonal diversity and more related clones

Within the GCs, FDCs secrete the chemo-attractant CXCL13 to recruit activated B-cells.
Nucleating B-cells proliferate rapidly while mutating their Ig genes; as a result, these structures
are dominated by a few clonally expanding B-cells (reviewed in De Silva et al., 2015, Mesin et al.,
2016). To study the dynamics of B-cell clonotypes within MM®Cs, I used Hill numbers (clonal
diversity) and clonal abundance curve (Hill et al., 1973, Stern et al., 2014) using repeated

resampling to correct for the variability in total sequence counts among the repertoires.
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Using Hill numbers where higher orders (q values) give more weight to larger clones, all the Ig
repertoires isolated from unvaccinated and vaccinated fish MM®Cs had low diversity numbers at
all the diversity orders (q values) compared with the Ig repertoire isolated from the whole kidney.
Between 100 and 425 clones were sampled (species richness at q = 0) from the repertoires isolated
from unvaccinated and vaccinated fish MM®Cs (q = 0, Fig.3.15, Fig.3.16). At the inverse of
Simpson’s concentration index (q = 2), which considers species in proportion to their frequency
and ignores rare species, the diversity number for the Ig repertoires from unvaccinated and
vaccinated fish MM®Cs was around 120, which is much lower than the diversity number for the
whole kidney (= 650) at the same order (q =2; Fig.3.15, Fig.3.16). As the diversity order increased,
the diversity number for the Ig repertoires decreased; however, the diversity number for the whole
kidney Ig repertoire remained relatively high even at higher diversity orders (e.g., q = 8). These
results indicate that MM®Cs have low clonal diversity and more related clones, suggesting that
B-cell clonotypes are recruited to the clusters where they clonally expand. In agreement with the
observed slight differences in clonal diversity found in different Ig repertoires from MM®Cs, a
previous study revealed that B-cells rapid clonal expansion, which leads to a significant loss of
clonal diversity, occurs at different rates within different GCs (Tas et al., 2016). We also observed
clonal expansion of B-cell clonotypes and loss of clonal diversity in the Ig repertoire isolated from
the whole intestine comparable to those detected in the repertoires from MM®Cs, which indicates

that B-cell recruitment and clonal expansion occur somewhere in the intestine.

Similarly, using complete clonal abundance distribution, we found a few highly abundant clones

in each cluster; low ranking (10%) clones have much lower abundance than high-ranking (10°)
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clones (Fig.3.17, Fig.3.18). In addition, the steep gradient observed in the Ig repertoires isolated
from MM®Cs from unvaccinated and vaccinated fish compared to the gradual gradient of the Ig
repertoire isolated from the whole kidney demonstrates that Ig repertoires from unvaccinated and
vaccinated fish MM®Cs are primarily dominated by a few highly abundant clones. Overall, the
majority of the clones in each MM®Cs had low abundance; nevertheless, a few clones were found

at high frequencies in these clusters.

Previously, it has been shown that B-cells clonally expand in rainbow trout following vaccination,
which results in reduced clonal diversity in the Ig repertoire (Magadan et al., 2018). In addition,
in mammals, FDCs secrete the chemo-attractant CXCL13 to recruit activated B-cells to the GCs,
where B-cells clonally expand while mutating their Ig genes which results in low clonal diversity
and more related clones within the GCs. Thus, the successful recruitment of B-cells leads to the
clonal expansion and accumulation of mutations in the Ig genes of B-cells with the appropriate
antigen specificity (reviewed in De Silva et al., 2015, Mesin et al., 2016). Interestingly, work done
in our lab using goldfish has shown that CXCL13 is expressed by MM®s (Waly et al., in

preparation).

In summary, the data presented in this section revealed that MM®Cs have low clonal diversity and
more related clones and indicate the presence of an effective recruitment mechanism within these
clusters, where few B-cells (perhaps with the appropriate antigen specificity) are recruited and
diversified. Further supporting the hypothesis that MM®Cs in fish are functionally analogous to

GCs.
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4.5. Ag-driven selection process occurs within MM®Cs

To determine if there is an active Ag-driven selection process within MM®Cs, I used the Ig
repertoires generated from each cluster to examine the ratio of replacement to silent mutations
(R/S) in the complementarity determining regions (CDRs) and the framework regions (FWRs).
The residues within the CDRs form the sites that contact the antigen and determine the antigen-
binding affinity and specificity; on the other hand, FWRs provide the structural backbone of the
Ig (Jones et al., 1986, Rada et al., 1991, Jacob et al., 1993). Therefore, if there is an active antigen-
driven selection process, we expect to see a higher ratio of R to S mutations in the CDRs compared

to the FRWs that are less tolerant to mutations.

Preferential targeting of mutations to the CDRs occurs in part due to biased codon usage in the
CDRs and FWRs. Immunoglobulin variable region sequences have evolved to enhance the number
of mutations in the antigen contact loops. Accordingly, hotspot motifs are preferentially found in
the CDR loops, where replacement mutations are predominantly found to maximize the number
of amino acid changes and perhaps alter the antigen-binding affinity (Wagner et al., 1995, Jolly et
al., 1996). Conversely, hotspot motifs are avoided in the structurally conserved regions, and the
codons within the FWRs have a higher level of degeneracy which leads to mainly silent mutations
in the FWRs (Wagner et al., 1995, Jolly et al., 1996, Kepler, 1997, Zheng et al., 2005). Moreover,
mutations within the FWRs could disturb the structural integrity of the Ig variable domain which
subsequently leads to B-cells death; B-cells that fail to express surface Ig die by apoptosis
(reviewed in Rathmell et al., 2002). Recent work has shown that B-cells with non-functional Ig

genes die by apoptosis in the dark zone of the germinal center (Mayer et al., 2017).
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In mammals and birds, antigen-driven selection process occurs within the GCs where centrocytes
compete for a limited number of antigens trapped on the surface of FDCs. Centrocytes with a high
affinity for the antigen endocytose it and present it via MHC 1II to Tth cells, from which they
receive survival signals and consequently positive selection (reviewed in De Silva et al., 2015,
Mesin et al., 2016). Therefore, if MM®Cs in fish are functionally analogous to GCs, we would

expect Ag-driven selection processes to occur within these clusters.

Although the R/S ratio varied among the different IgM repertoires from unvaccinated and
vaccinated fish MM®Cs, their CDRs always had higher R/S estimates compared to the FWRs. In
these repertoires, the R/S ratios ranged from 0.7 to 1.88 and from 0.28 to 0.53 in their CDRs and
FWRs, respectively (Fig.3.13 A and B). Likewise, a higher R/S ratio was found in the CDRs
compared to the FWRs in the Ig repertoires of IgZ isotype isolated from MM®Cs from vaccinated
fish. R/S estimates were between 0.71 and 1.43 in the CDRs and between 0.32 and 0.95 in the
FWRs of the IgZ repertoires from vaccinated fish MM®Cs (Fig.3.13 D). CDRs are the sites that
determine the Ag-binding affinity and specificity, and they are structurally more plastic while
FWRs maintain the structural integrity of the Ig variable domain (Jones et al., 1986, Rada et al.,
1991). Therefore, my analysis of the R/S ratio demonstrates that the mutations in the Ig sequences
isolated from MM®Cs are not randomly distributed and are consistent with the hypothesis that an
active antigen-driven selection process of B-cell clonotypes with mutated Ig sequences occurs

within MM®Cs.
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Even though fish lack FDCs which retain antigens for a long term in the form of antibody and
complement immune complexes and provide the first selection step for B-cells within the GCs
(reviewed in Flajnik et al., 2018, Allen et al., 2008), it has been demonstrated in several studies
that exogenous antigens accumulate in and around MM®C:s in fish for an extended period (Lamers
et al., 1985, Lamers CH & De Haas MJ 1985, Ziegenfuss et al., 1991). In addition, in Cyprinus
carpio, the antigen was trapped more quickly near or within MM®C:s after the injection of immune
complexes (Secombes et al., 1980, Secombes et al., 1982). Recent work done in our lab using
goldfish showed that MM®s are the cells that retain the antigen within MM®Cs, and the antigen
on the cell surface appeared to be intact (Muthupandian MSc thesis, U of A, 2020). Collectively,
these studies indicated that MM®s in fish perform a similar function to mammalian FDCs and

perhaps provide the intact antigens for the emerging mutated B-cells within MM®Cs.

A previous study analyzed the distribution of replacement and silent mutations in the CDRs and
FWRs using catfish IgH; they found that the ratio of R/S mutations was similar in the CDRs and
FWRs and, as a result, they concluded that bony fish lack antigen-driven selection mechanisms
(Yang et al., 2006). However, they only analyzed 187 unique IgH sequences, and the size of the
clones in their dataset was only between 2 and 9 (Yang et al., 2006). Similarly, analysis of 80
mutations within zebrafish Igl chain revealed that the distribution of replacements and silent
mutations is not significantly different between the CDRs and FWRs, and they suggested that
antigen-driven selection process is restricted in zebrafish (Marianes et al., 2011). Subsequent
attempts to explain the absence of Ag-driven selection processes in fish suggested that this could
be due to the lack of the appropriate microenvironment for selecting mutated B-cells in fish

(reviewed in Fillatreau et al., 2013).
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Examination of the distribution of the mutations in the CDRs and FWRs using [gNAR gene in the
nurse shark revealed that CDR1 had a significant bias toward replacement mutations, indicating
the presence of an active antigen-driven selection process (Diaz et al., 1998). These observations

suggest that antigen-driven selection mechanisms appeared early in the gnathostome lineage.

Consistent with my data, a recent study using IgD"IgM"™ B-cells from rainbow trout showed that
the distribution of replacement and silent mutations in the CDR2 and FWR3 suggests that antigen-

mediated IgD selection occurs in rainbow trout (Perdiguero et al., 2019).

Four of the IgZ repertoires from unvaccinated fish MM®Cs had a higher R/S ratio in their FWRs
compared to their CDRs; these four IgZ repertoires are from the spleen and kidney of two different
fish (Fig.3.13 C). Intriguingly, these repertoires had mean tree lengths (i.e., the average expected
substitutions per codon site) equal to 0.55, 0.25, 1.41, and 0.44 (Table 3.5). These mean tree
lengths are long compared to IgM repertoires from MM®Cs from unvaccinated and vaccinated
fish; average mean tree lengths of 0.13 (Table 3.5, Table 3.6). Similarly, IgZ repertoires from
vaccinated fish MM®Cs had an average mean tree length of 0.18 (Table 3.6). In addition, the
repertoire with the longest mean tree length also had the highest R/S ratio in the FWRs compared
to the CDRs. Examination of the relationship between the mean tree length and the ratio of
replacement to silent mutations in the FWRs revealed a positive correlation between the mean tree
length and the R/S ratio in the FWRs; all the IgZ repertoires with longer mean tree length had a
high R/S ratio in their FWRs. IgM repertoires from unvaccinated and vaccinated fish MM®Cs had

R/S ratio in their FWRs between 0.28-0.5; however, this ratio reached 1.17 in the IgZ repertoires
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from unvaccinated fish MM®Cs. The slight increase in the mean tree length found in some IgZ
repertoires isolated from vaccinated fish MM®C:s is associated with an increased R/S ratio in their

FWRSs (Fig.3.14).

Together, these results indicate that the negative selection found in some of the IgZ repertoires
from unvaccinated fish MM®Cs (higher R/S ratio in the FWRs compared to the CDRs) suggests
that perhaps these B-cell clonotypes had been acquiring mutations for a long time and the binding
affinity of their immunoglobulins reached an optimal affinity. Thus, the addition of mutations is
not beneficial and possibly selected against. Similar observations were reported recently in
response to the influenza vaccine; Ig repertoires isolated at the peak of the vaccine response had
an increased mean tree length (i.e., the average expected substitutions per codon site) which was
associated with significantly decreased R/S ratios in the CDRs compared to the FWRs (a signature
of negative selection; Hoehn et al., 2019). However, their analysis also showed that the ratio of
replacement to silent mutations in the FWRs slightly decreases as the mean tree length increases
(Hoehn et al., 2019). Nevertheless, their results overall indicate that increased mean tree length is
associated with negative selection, and they suggested that eventually shifting to negative selection
is a general feature of affinity maturation (Hoehn et al., 2019). In addition, using HIV-1 broadly
neutralizing antibodies (bnAbs), it has been shown that selection pressure changes from positive
selection to negative selection over time (Sheng et al., 2016). The authors concluded that as
antigen-binding affinity becomes high during the immune response, additional replacement
mutations are less likely to increase the binding affinity (Sheng et al., 2016). Therefore, shifting to
negative selection instead of positive selection could be more beneficial; they called this

hypothesis the affinity maturation selection (AMS) model (Sheng et al., 2016). Recent analysis
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using Ig sequences from both patients with asthma and non-asthmatic controls showed that IgD*
IgM" B-cells from the bronchial mucosa had a significant negative selection pressure in their CDRs
(Ohm-Laursen et al., 2021). The frequency of mutations in these sequences was considerably high,
and they revealed that the high number of mutations within a clone is associated with negative

selection pressure (Ohm-Laursen et al., 2021).

In summary, in support of the hypothesis that MM®Cs are acting as primordial germinal centers
in fish, the data presented in this section indicate that, similar to germinal centers, antigen-driven
selection processes occur within MM®Cs. A higher ratio of replacement to silent mutations in the
CDRs compared to the FWRs in the Ig sequences isolated from unvaccinated and vaccinated fish
MMOCs is consistent with the presence of active antigen-driven selection mechanisms in these
clusters. MM®s, which retain intact antigens on their surface (Muthupandian MSc thesis, U of A,
2020), perhaps provide a selection platform within these clusters. In addition, I found a positive
correlation between the number of mutations within a clone and the ratio of replacement to silent
mutations in the FWRs. Mutations within the FWRs affect the structural integrity of the Ig and
consequently can be deleterious and lead to B-cells death; my results indicate that as the number
of mutations in the Ig sequence increases, a shift from positive selection to negative selection

occurs within MM®Cs in fish.

4.6. AID and error-prone polymerases are involved in the mutation process within MM®Cs

In mammals, SHM occurs within the germinal center and is initiated by AID; both base excision
repair (BER) and mismatch repair (MMR) pathways are involved in processing the mutation

generated by AID (reviewed in Pilzecker et al., 2019, Di Noia and Neuberger, 2007). Analysis of
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the mutation patterns using Ig repertoires isolated from unvaccinated and vaccinated fish MM®Cs

revealed that AID and error-prone polymerases are involved in the mutation process.

Within the dark zone of the germinal center, AID binds single-stranded DNA (ssDNA) and
deaminates deoxycytidine (dC) preferentially within a WRC into deoxyuracil (dU); causing dU:
dG mismatch. DNA replication over U results in C to T transition due to the similarity between U
and T, which will lead to C: G to T: A transition. However, the removal of the deoxyuridine by
uracil-DNA glycosylase (UNG) results in an abasic site, translesion synthesis (TLS) polymerases
such as Revl, polymerase {, and polymerase n are recruited to bypass the non-instructive site;
these polymerases lack proof-read activity and copy DNA with a lower fidelity which leads to
transversions and transitions (reviewed in Krokan et al., 2013, Yu et al., 2019, Pilzecker et al.,
2019, Feng et al.,, 2020). In addition, the abasic site can be recognized and cleaved by
apurinic/apyrimidinic endonuclease 1 (APEIl), which creates a nick in the phosphodiester
backbone. The resulting single-stranded break (SSB) could directly result in gene conversion in
which a set of homologous pseudogenes upstream of the rearranged IgV are used as donors for
sequences (reviewed in Di Noia et al., 2007). Alternatively, dU: dG mismatch can be recognized
by MSH2/MSH6, a component of the ncMMR machinery; afterward, a nick is made by PMS2 and
MLHI1 endonuclease complex, this nick provides an entry point for exonuclease-1 (Exol), and a
gap will be generated and extended by removing the mismatch and adjacent nucleotides (Bardwell
et al., 2004). Subsequently, the gap is resynthesized by error-prone polymerases such as pol 1,
which is responsible for the majority of mutations at A: T and preferentially targets WA/TW for
mutations on the non-transcribed and transcribed strand, respectively (reviewed in Pilzecker et al.,

2019).
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The analyzed hotspot motifs are WRC and its complement GYW and WA, and its complement
TW (where W =A/T,R=A/G, and Y = C/T); altered substitution rates occur only in the underlined
bases. The results presented in table 3.8, table 3.9, table 3.10, and table 3.11 show that all the
analyzed hotspot motifs had altered substitution rates; when all the Ig repertoires from
unvaccinated and vaccinated fish MM®Cs considered, GYW motif exhibited the highest
substitution rate increases (1.3) followed by WA (0.6) and closely by WRC (0.5) then TW (0.08).
These mutation frequencies are similar to the values reported in a previous study using 27 healthy
individuals of different age and sex; they revealed that GY W motif had the largest substitution rate
increases (2.46), followed by WRC (1.87), then WA (1.71) and TW motif exhibited the lowest

substitution rate increases (1.19) (Hoehn et al., 2019).

Generally, WRC/GY W motifs had increased substitution rates in the analyzed Ig repertoires, with
up to 4x increases in GYW substitution rate. Altered substitution rates in WRC/GYW motifs
compared to regular motifs indicate the involvement of AID in the mutation process, which has
the ability to mutate both the coding and non-coding strands (reviewed in Feng et al., 2020, Di
Noia et al., 2007, Pilzecker et al., 2019). Since AID requires a single-stranded DNA, it was
suggested that AID preferentially targets the non-transcribed strand, which will be single-stranded
within the transcription bubble; however, only 58 % of AID induced uracils were in the non-
transcribed strand, and 42 % of the uracils were found in the transcribed strand (Maul et al., 2011).
During the repairing process, Revl1 is the translesion synthesis (TLS) polymerase responsible for
most C: G to G: C transversion mutations; the active site of Revl allows it only to insert

deoxycytidine monophosphate (dACMP) into DNA (reviewed in Bahjat et al., 2017, Pilzecker et al.,
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2019, Feng et al., 2020). However, it is still not clear which polymerase is responsible for G: C to

T: A transversion (reviewed in Pilzecker et al., 2019).

Examination of the fold-change in mutability for WA and its complement TW revealed that Ig
repertoires isolated from unvaccinated and vaccinated fish MM®Cs had altered substitution rates
at WA/TW motifs, which indicates the involvement of error-prone polymerases in the repairing
process of the lesion generated by AID. Mutations at A: T pairs are introduced by recruiting error-
prone polymerases to resynthesize the patch of DNA that has been degraded by Exol activity. Pol
n is the polymerase responsible for the majority of mutations at A: T; it is a member of the Y-
family of DNA polymerases and a translesional polymerase (reviewed in Yang et al., 2007, Di
Noia et al., 2007, Pilzecker et al., 2019). In addition, it has been demonstrated that Pol n primarily
resynthesis the non-transcribed strand using the transcribed strand as a template and introduces
twofold more mutations at WA compared to TW by inserting G opposite to T on the transcribed
strand (Mayorov et al., 2005, reviewed in Pilzecker et al., 2019). Consistent with this, my data
revealed a strong bias to mutations at WA compared to TW motif; on average, the fold change in
mutability values were 0.6 and 0.08 for WA and TW, respectively (Table 3.8, Table 3.9, Table
3.10, Table 3.11). In patients with xeroderma pigmentosum variant (XP-V) disease who lack Pol
1, the overall frequency of mutation was normal; however, mutations at A: T pairs significantly
decreased, and this was associated with an increase in the number of mutations at C: G (Zeng et
al., 2001). Nonetheless, in the absence of Pol 1, mutations at A: T pairs can be generated by other
low fidelity polymerases such as polymerase kappa (Pol «), polymerase { (Pol (), and DNA

polymerase 1 (Pol 1; Faili et al., 2009, Saribasak et al., 2012, Maul et al., 2016).
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In agreement with my hotspot motifs mutability data, earlier studies using immunoglobulin
sequences isolated from zebrafish and rainbow trout revealed that SHM occurs preferentially at
AID and error-prone polymerases (Pol 1) hotspot motifs in bony fish (Marianes et al., 2011, Abos
et al., 2018, Perdiguero et al., 2019). For example, a previous study using zebrafish Igl chain
revealed that SHM occurs mainly at AID hotspot motifs (WRC/GYW) (Marianes et al., 2011). In
addition, it has been revealed that during an immune response to 7. bryosalmonae in rainbow trout,
IgT and IgM expressing B-cells clonally expand while acquiring mutations, mainly at WRC motif;
also, mutations at WA/TW motifs increased throughout the immune response (Abos et al., 2018).
Furthermore, a recent study using rainbow trout showed that in response to commensal bacteria,
IgD expressing B-cells clonally expand and mildly mutate their Ig gene in both the gills and gut,
and the mutations at WRC/GYW and WA/TW increased during the clonal expansion (Perdiguero

et al., 2019).

Using Ig repertoires isolated from MM®Cs from unvaccinated and vaccinated fish, the ratio of
transition to transversion mutations ranged from 1.33 to 2.37. During SHM, DNA replication over
AID induced uracil by any of the DNA polymerases results in C: G to T: A transition due to the
similarity between U and T (reviewed in Feng et al., 2020, D1 Noia et al., 2007, Pilzecker et al.,
2019). Therefore, transition (change from a purine to purine or from pyrimidine to pyrimidine) is
favored over transversion (changes between purines and pyrimidines) during SHM, with a ratio of
transitions to transversions higher than the theoretical ratio (1:2) if mutations occurred randomly
(reviewed in Di Noia et al., 2007). In wild-type mice (UNG™"), 65% of the mutations induced by
AID during SHM were transition mutations (instead of 33% of the total mutations if mutations

were random), and in UNG™" mice, mutations significantly shifted to transitions (95%) at dC/dG
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(Rada et al., 2002). The ratio of transition to transversion mutations found in our Ig repertoires
suggests that the mutations observed in these Ig repertoires are induced by AID rather than being

randomly generated.

Consistent with my results, using Ig heavy p-chain from catfish spleen, it was revealed that
transitions are more frequent than transversions; 60.3% of the total mutations were transitions
(Yang et al., 2006). Similarly, a previous study using zebrafish IgL. chain revealed that transition
mutations are substantially more abundant (85%) than transversions. Furthermore, they found the
ratio of transitions to transversions to be much higher (5.64) than the theoretical value (1:2), and
they concluded that the role of UNG is limited in zebrafish (Marianes et al., 2011). However, in
their analysis, they only examined 93 VL mutations (Marianes et al., 2011). The values of
transition to transversion mutations ratio presented in table 3.8, table 3.9, table 3.10, and table 3.11
suggest that UNG is involved in the mutation process in zebrafish, given the mechanism of action
of AID and the subsequent repair mechanisms. AID deaminates cytidine into uracil, causing U: G
mismatch. DNA replication over uracil results in C to T transition; nonetheless, the removal of
uracil during the repairing process by UNG will lead to transitions or transversions at the abasic
site (reviewed in Zanotti et al., 2016, Pilzecker et al., 2019, Feng et al., 2020, Di Noia et al., 2007).
Therefore, if UNG activities were limited in zebrafish, we would expect our Ig repertoires to have

a much higher ratio of transition to transversion mutations.

Examination of nucleotide insertions and deletions (indels) in the productive Ig sequences isolated

from unvaccinated and vaccinated fish MM®Cs revealed that indels are rare and are found in only

2.2 % of the functional Ig sequences in each repertoire (Table 3.12, Table 3.13). Previously, using
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IgH sequences isolated from human tonsils, it has been demonstrated that indels are associated
with somatic hypermutation process; similar to SHM indued point mutations, indels are
predominantly localized to the CDRs of the variable region, and no indels are found in the constant
region of the Ig sequences (Wilson et al., 1998). In addition, indels are observed in association
with somatically mutated Ig sequences; however, they are not detected in the unmutated (germline-
encoded) Ig sequences (Wilson et al., 1998, Goossens et 1., 1998). Moreover, it has been shown
that indel mutations tend to occur at SHM associated hotspot motifs (RGYW/WRCY) (Wilson et
al., 1998). Although the mechanisms that lead to the generation of indels during SHM are poorly
understood, it has been suggested that indels occur due to misalignment of short-repeated DNA
sequences, which creates an unpaired loop between the repeats. Subsequently, deletions are formed
when the repeated sequences are removed; on the other hand, insertions are generated as a result
of sequence duplication (Bowers et al., 2014, de Wildt et al., 1999, reviewed in Garcia-Diaz et al.,

2006).

Consistent with my indels frequency data (Table 3.12, Table 3.13), several studies reported that
SHM associated indels in humans are infrequent; it is estimated that only 1.3 to 6.5 % of circulating
B-cells contain indels (reviewed in Briney et al., 2013). Moreover, using human Ig sequences
generated in response to the capsular polysaccharides of Streptococcus pneumoniae or Bacillus
anthracis vaccine, it was shown that indels are present in 9.7 % of the rearranged Ig sequences
(Reason et al., 2006). Furthermore, using zebrafish VJ-C cDNA clones, it was revealed that indels
are rare in zebrafish Igl chain; analysis of 93 cDNA clones found only one deletion and a few
insertion mutations (Marianes et al., 2011). Taken together, these observations indicate that the

frequency of indel mutations found in our Ig repertoires from unvaccinated and vaccinated fish
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MM®Cs suggests that the observed indels are not random and perhaps are generated during SHM.
Despite being rare, indels play a substantial role in diversifying the Ig repertoires; in addition, it
has been shown that indel mutations are critical during the immune repones against viruses and
bacteria (reviewed in Briney et al., 2013). A higher estimate of indels was reported among HIV-1
broad neutralizing antibodies (HIV-1 bnAbs); about 40 % of the examined bnAbs had indels

(Kepler et al., 2014).

Our preliminary analysis of the contribution of gene conversion to the diversity of the Ig sequences
in zebrafish revealed that gene conversion does not seem to be a major contributor to Ig diversity
in zebrafish. Using Ig repertoires isolated from unvaccinated and vaccinated fish MM®Cs, major
gene conversion-like events were not found in the Ig sequences, and only a few minor gene
conversion-like events were detected in a few Ig sequences. In some species, such as birds, rabbits,
cows, and pigs, the number of functional V genes is very limited; however, they have a large
number of V pseudogenes (YV) (reviewed in Choudhary et al., 2018). These pseudogenes are used
as a donor sequence during GCV to diversify their Ig genes (Di Noia et al., 2004, reviewed in D1
Noia et al., 2007). The finding that zebrafish IgH locus has only eight V pseudogenes, which is
considerably lower than the number of the functional V genes in this locus (40 potentially
functional VH segments; Danilova et al., 2005), further indicates that gene conversion is not a

major contributor to Ig diversity in zebrafish.

Unlike mutations found in Ig genes in other species, mutations exist in tandem nucleotide stretches

of 2—4 bases in sharks Ig genes (Diaz et al., 1999). Manual examination of the mutations in a few

clones suggested that tandem mutations are not dominant in bony fish Ig genes as in sharks; only
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a few mutations were found on adjacent nucleotides. The availability of the tools to perform large-

scale analysis on tandem mutations will verify these observations.

In summary, using Ig repertoires isolated from unvaccinated and vaccinated fish MM®Cs, analysis
of the mutation patterns strongly suggest that the mutations are generated by AID and error-prone
polymerases during the subsequent repair of the lesion generated by AID. Examination of the fold
change in mutability within hotspot motifs that are preferentially targeted for mutations by AID
and error-prone polymerases, WRC/ GYW and WA/ TW, respectively, compared to regular motifs
showed that all the analyzed hotspot motifs had altered substitution rates. In addition, the
frequency of mutations within the hotspot motifs is consistent with a previously reported hotspot
motifs mutability (Hoehn et al., 2019). The ratio of transitions to transversions further suggests
that the mutations found in our Ig repertoires are not randomly generated; instead, they are induced
by AID and indicate that UNG is involved in the mutation process in zebrafish. Moreover, similar
to SHM associated indels in humans, examination of indels in the productive Ig sequences isolated
from MM®Cs showed that indels are infrequent. Collectively, these observations indicate that
AID and error-prone polymerase induced somatic hypermutations occur within MM®Cs, which
further support the hypothesis that these clusters in fish are functionally analogous to the germinal
centers of homeotherms. In mammals and birds, SHM occurs predominantly within the dark zone

of the germinal center (reviewed in De Silva et al., 2015, Mesin et al., 2016).

4.7. IgM and IgZ CDR3 length distribution
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Analysis of the non-templated and palindromic nucleotides (N- and P-nucleotides) additions using
productive Ig sequences isolated from unvaccinated and vaccinated fish MM®Cs revealed that
overall IgZ repertoires accumulated more N- and P-nucleotide additions than IgM repertoires
(Table 3.14, Table 3.15, Table 3.16, Table 3.17). This was associated with a longer CDR3 length
of the IgZ repertoires from unvaccinated fish MM®Cs compared to IgM repertoires from
unvaccinated and vaccinated fish MM®Cs (Fig.3.19 A and B, Fig.3.20 A). These observations
indicate that the variability in the CDR3 length could be related to the compartmentalization and

the functional differences of the two Ig isotypes.

N- and P-nucleotides are added during VDJ recombination process within the primary lymphoid
organ. VDJ recombination begins when RAG proteins bind and cleave the recombination signal
sequence (RSS) flanking each V, D, and J gene segment; subsequently, the free 3' hydroxyl group
in the broken ssDNA attacks the opposite strand and forms a covalently sealed hairpin at the end
of the gene segment. P-nucleotides are added when the Artemis endonuclease opens the hairpin
ends asymmetrically. Another form of junctional insertion, N-nucleotides, is provided by the
action of the enzyme terminal deoxynucleotidyl transferase (TdT), which adds nucleotides
randomly to the 3'-ends (Schatz et al., 1989, reviewed in Schatz et al., 2011, Helmink et al., 2012,
Roth et al., 2015). Analysis of N- and P-nucleotides addition using zebrafish IglL VJ-C cDNA
clones showed that N- and P-nucleotides were absent at the CDR3 (junction), and they suggested
that junctional diversity is limited in zebrafish IgL chain (Marianes et al., 2011). Nevertheless,
consistent with my findings, using high throughput sequencing, analysis of zebrafish IgH chain
revealed that nucleotides insertion at the VDJ junctions is widespread in adult zebrafish compared

to young, immature fish, which indicates that, similar to mammals, the activity of terminal
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deoxynucleotidyl transferase is developmentally regulated in zebrafish (Jiang et al., 2011, Feeney
et al., 1990). Earlier studies in mammals, using IgH sequences from fetal and newborn mice, have

established that N-nucleotides are absent in neonatal B-cells (Feeney et al., 1990).

In fish, IgM is the primary Ig isotype in the serum and the most widespread Ig class during systemic
immune responses; on the other hand, IgZ, which is produced by a distinct subset of B-cells, has
been described as the primary antibody isotype in mucosal immunity in teleost (Zhang et al., 2010,
reviewed in Hikima et al., 2011, Salinas et al., 2021). Using rainbow trout vaccinated with
Flavobacterium columnare, a mucosal pathogen, it has been demonstrated that pathogen-specific
IgT expressing B-cells proliferate and accumulate at the mucosal barrier (buccal mucosa) in
response to the bacterial pathogen; on the other hand, pathogen-specific IgM titers were detected
in the serum of the vaccinated fish (Xu et al., 2020). Similarly, it has been shown that the number
of IgT" B cells significantly increases at the mucosal barrier of fish infected by immersion with a
parasitic pathogen (Ichthyophthirius multifiliis); however, the abundance of IgM* B cells did not
change significantly in the buccal surface (Yu et al., 2019). Nevertheless, in channel catfish,
intraperitoneal injection with TNP-KLH leads to the production of detectable levels of antigen-
specific IgM in the serum by week two post-immunization (Wu et al., 2019). Collectively, these
studies further support the key role of IgT/IgZ and IgM in mucosal and systemic immunity,

respectively.

The results presented in figure 3.19 show the difference in CDR3 length distribution between IgM

and IgZ repertoires from unvaccinated fish MM®Cs and indicate that [gZ sequences with a longer

CDR3 were selected. Similar observations were reported recently using unvaccinated rainbow
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trout, where they found that IgT repertoires are skewed towards longer or shorter CDR3 compared
with IgM repertoires (costa et al., 2021). Interestingly, the CDR3 length distribution was similar
for IgM repertoires isolated from both unvaccinated and vaccinated fish MM®Cs (Fig.3.19 A,
Fig.3.20 A). Nevertheless, the CDR3 length distribution varied among the IgZ repertoires isolated
from vaccinated fish MM®Cs; however, these repertoires had only a few unique Ig sequences
compared to IgM and IgZ repertoires from unvaccinated fish MM®Cs and IgM repertoires from
vaccinated fish MM®Cs. Likewise, in general, IgZ repertoires from unvaccinated fish MM®Cs
with fewer unique Ig sequences had a diverse CDR3 length distribution compared with IgZ
repertoires with a higher number of unique Ig sequences from unvaccinated fish MM®Cs (Fig.3.19
B, Table 3.1). It should be noted that the CDR3 length and N- and P-nucleotides were calculated

using individual Ig sequences, and thus they are biased by clone size.

In summary, examinations of the CDR3 length distribution and N- and P-nucleotide additions
suggest that the differences in CDR3 length distribution are caused by N- and P-nucleotides
addition. Moreover, IgZ repertoires from unvaccinated fish MM®Cs had a longer CDR3 length
compared to IgM repertoires from the same fish, which could indicate the selection of IgZ
sequences with a longer CDR3. The dissimilarity in the CDR3 length between IgM and IgZ
repertoires could be related to the compartmentalization and functional differences of teleost [gM

and IgZ.

4.8. Antigen retention occurs within MM®C:s isolated from zebrafish
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Within the light zone of the germinal center, FDCs retain antigens for long periods of time in the
form of antibody and complement immune complexes and provide the first selection step for GC
B-cells (reviewed in Allen et al., 2008). During the germinal center reaction, high-affinity
centrocytes endocytose the antigen, internalize and present it via class I MHC to Tth cells, from
which they receive further BCR stimulation in addition to other survival signals (reviewed in Allen
et al.,, 2008, Kranich et al., 2016). Ectotherms lack FDCs; however, several studies have
established that long-term antigen retention occurs in fish within or near MM®Cs in the spleen
and kidney (Lamers et al., 1985, Lamers CH & De Haas MJ 1985, Ziegenfuss et al., 1991, Press
et al., 1996, reviewed in Flajnik et al., 2018). Moreover, it was revealed that the antigen was
trapped more rapidly in Cyprinus carpio after the injection of immune complexes, suggesting that
the antigen is trapped within these clusters using a similar mechanism to FDCs in mammals

(Secombes et al., 1980, Secombes et al., 1982).

To determine if long-term antigen retention occurs within MM®Cs in zebrafish, I vaccinated
zebrafish with different proteins conjugated to Alexa-647. The results shown in figure 3.21 and
figure 3.22 confirmed that long-term antigen retention occurs within MM®Cs in the spleen and
kidney in zebrafish. Additionally, work done in our lab using goldfish injected with various
proteins conjugated to a fluorescent tag and confocal microscopy revealed that autofluorescent
MM®Os are involved in antigen retention. Further experiments have shown that the retained antigen
on the cell surface is in an intact form (Muthupandian MSc thesis, U of A, 2020). These
observations verified the presence of a selection platform within MM®Cs in zebrafish, which
further supports the hypothesis that these clusters in fish are the sites where B-cells affinity mature

their antibodies and thus are germinal centers analogous.
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4.9. Lymphocyte-like cells within MM®C:s isolated from zebrafish

Using intact, isolated zebrafish MM®Cs and high throughput sequencing, the total number of B-
cell clonotypes within a cluster ranged from 510 to 3660. To confirm the presence and verify the
numbers of lymphocyte-like cells within zebrafish MM®Cs, I used imaging flow cytometry
(ImageStream). Based on the cell size and internal complexity, a total of 5,305 and 6,027
lymphocyte-like cells were found in individual MM®Cs isolated from the spleen and kidney,

respectively (Table 3.19).

Previous studies have established that MM®Cs in fish vary in pigmentation intensity, size, and
number, and their size and number increase in response to infection or immunization (Herrdez et
al., 1986, Agius, 1979, Secombes et al., 1982, reviewed in Steinel and Bolnick, 2017). For
example, in Nile tilapia, the number and size of MM®Cs significantly increased in response to
Aeromonas hydrophila and Mycobacterium marinum (Manrique et al., 2019). Likewise, MM®Cs
size and frequency increased in southern bluefin tuna in response to parasitic infection (Nowak et
al., 2021). Consistent with these observations, the diameter, and the pigmentation intensity, of the
analyzed clusters varied, and their diameter ranged from =200 to 350 pum; thus, the total number
of cells within these clusters was estimated to be between 33,231 and 39,120 cells/cluster

(Figure.3.23, Figure.3.24, Table 3.18).

Lymphocyte-like cells were identified based on their size and internal complexity; lymphocyte-

like cells have low internal complexity and are small in size (Petrie-Hanson et al., 2009).
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Furthermore, using a nuclear stain, we were able to verify that these lymphocyte-like cells have a
high nuclear to cytoplasmic ratio. In figure 3.25, cells that are larger than lymphocyte-like cells
are perhaps monocytes/macrophages-like cells (Figure 3.25 C, to the right of R3). In addition, it
has been established that MM®s vary widely in their size and internal complexity; nonetheless,
MM®Os have higher internal complexity and are larger than lymphocyte-like cells (Diaz-Satizabal

etal., 2015).

Lymphocyte-like cells were estimated to represent between 13% to 19% of the total number of
cells within each cluster; interestingly, the diameter of lymphocyte-like cells isolated from
MM®Cs varied and ranged from 5 to 7 pum. In agreement with this, B-lymphocytes within the
germinal center vary in size; large, rapidly diving centroblasts within the dark zone differentiate
into small, non-proliferating centrocytes as they enter the light zone (reviewed in Gatto et al., 2010,
De Silva et al., 2015). The primary cell type within the germinal centers is B-cell, and using spleen
sections isolated from mice immunized with 2-phenyl-5-oxazolone (phOx)-chicken serum
albumin (CSA), it has been shown that while the numbers of T-cell within the germinal center
change over time, in a typical germinal center the ratio of T-cells to B-cells appears to be 12.5:100
(Wittenbrink et al., 2011). Interestingly, this ratio is not influenced by the size of the germinal
center (Wittenbrink et al., 2011). Therefore, if MM®Cs in fish are germinal centers analogue, then
most of the observed lymphocyte-like cells within these clusters are B-cells which is consistent
with the total number of unique Ig transcripts isolated from individual MM®Cs (Table 3.1, Table

3.19).

194



Overall, imaging flow cytometry data verified the presence of lymphocyte-like cells within
zebrafish MM®Cs. In addition, the numbers of lymphocyte-like cells within zebratish MM®Cs
found using imaging flow cytometry are consistent with the numbers of unique B-cell clonotypes

within a cluster obtained using high throughput sequencing.

4.10. V-less IgM and IgZ

Several Ig transcripts without a VH region where the leader sequence is spliced to the first exon
of the C-p or C-{ were found using Ig repertoires isolated from unvaccinated and vaccinated
zebrafish MM®Cs. Similarly, previous work done in our lab using 5> RACE of catfish MM®Cs
revealed that about 20% of the Ig sequences isolated from these clusters lacked the V-element (C-
W Fan and Magor, unpublished). A previous study revealed that all secreted IgD in catfish is
without a V-region (named V-less) where the leader sequence is spliced to the Col domain
(Edholm et al., 2010). They suggested that perhaps V-less IgD functions as a pattern recognition
molecule through its Fc region and targets pathogens for destruction by binding to an IgD-binding
receptor on granulocytes (Edholm et al., 2010). However, we did not perform any functional

analysis on the V-less transcripts of IgM and IgZ.

4.11. Mutations within the Cnl

Using the first Cu exon (Cpl), 260 nucleotides were sequenced. Analysis of the sequenced Cpl

region revealed that point mutations, insertion, and deletion mutations accumulate within this

region. These mutations could be a result of the IgH enhancer, Epu3’enhancer, in fish where it is
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found in the intron between the Cp and Cd genes in contrast to mammals where it is located in the
JH and Cp intron, and it has been shown that SHM is directed to the Ig loci by Ig enhancers and
enhancer-like elements (Buerstedde et al., 2014, Qian et al., 2014, reviewed in Hikima et al., 2011).
However, as mentioned in section 3.9, we could not perform further analysis on the observed
mutations, and thus we were not able to use the Cul region as a control for sequencing error.
Nonetheless, it has been established that removing low-quality reads (Q score <30) significantly
reduces sequencing errors. Moreover, discarding singletons is very effective in reducing errors
(discussed in section 2.6.1; Scott et al., 2018, Rosenfeld et al., 2018, Tedersoo et al., 2010, Brown

et al., 2015, reviewed in Chaudhary et al., 2018).
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CHAPTER YV

CONCLUSION

5. conclusion

The divergence of jawless vertebrates (agnathans) and jawed vertebrates (gnathostomes) occurred
around 550 million years ago (reviewed in Sutoh et al., 2021). While jawless vertebrates lack BCR,
TCR, and MHC, early studies reported evidence for the presence of an adaptive immune-like
response in these species (Hildemann et al., 1969, Fujii et al., 1979). For example, studies using
various antigens, including killed Brucella cells and sheep red blood cells (SRBC), demonstrated
that antigenic challenge induced the formation of antigen-specific immune response and
immunological memory (Hildemann et al., 1969, Fujii et al., 1979). Subsequent studies revealed
that lymphocyte-like cells exist in jawless fish, and they have a distinct lymphocyte-based adaptive
immune system (reviewed in Cooper et al., 2006, Flajnik et al., 2010). BCRs and TCRs in jawed
vertebrates belong to the immunoglobulin superfamily (IgSF); on the other hand, jawless fish
antigenic receptors, named variable lymphocyte receptors (VLRs), belong to the leucine-rich
repeat (LRR) receptor family (reviewed in Flajnik et al., 2018). Despite being structurally
unrelated, the diversity of the VLRs is generated through somatic recombination similar to BCRs
and TCRs in jawed vertebrates (reviewed in Sutoh et al., 2021). In addition, functional analyses
have established that distinct types of VLRs in jawless vertebrates perform functions equivalent to
gnathostomes BCRs and TCRs (Alder et al., 2008, Guo et al., 2009). Although the origin and

evolution of the two systems are not fully understood, scientists believe that perhaps a VLR-based
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adaptive immune system existed in a common ancestor of all vertebrates. Subsequently, this
system was kept in jawless vertebrates but replaced in jawed vertebrates by BCR- TCR-based

adaptive immune system (reviewed in Sutoh et al., 2021).

Similar to the existence of two distinct forms of adaptive immunity in jawless and jawed
vertebrates, the findings in this thesis provide strong evidence that antibody affinity modification
in fish occurs within MM®Cs, which are structurally distinct from the microenvironment in which
affinity maturation process takes place in mammals and birds. MM®Cs are found in both jawless
and jawed vertebrates, which indicates that these clusters evolved in a common ancestor of all
vertebrates. However, MM®Cs are absent in birds and mammals. While the origin and evolution
of MM®Cs are not fully understood, some scientists believe that these clusters evolved into

germinal centers in early mammals (reviewed in Steinel et al., 2017).

Analysis of VD] repertoires using intact isolated MM®Cs from the spleen and kidney of zebrafish
revealed that the hallmarks of the germinal center reaction are found within these clusters and
strongly supports the hypothesis that MM®Cs in fish are analogous to germinal centers.
Specifically, the construction of clonal lineage trees revealed that B-cell clonotypes clonally
expand within MM®Cs while acquiring mutations in their Ig VDJ sequences, with some of the
dominant clones having more than 400 mutated daughter cells. In addition, the presence of smaller
lineages indicates that these clusters are continually evolving structures and develop toward the
dominance of a few clones and their progeny. The presence of subclones could also indicate that
MM®Cs are open structures, and activated B-cells can enter and proliferate within these clusters

at varying times. Moreover, my results indicate that, similar to germinal centers, antigen-driven
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selection processes occur within MM®Cs. Also, mutation patterns analysis strongly suggests that
the observed mutations in the Ig sequences are generated by AID and error-prone polymerases
within these clusters. Furthermore, diversity analysis indicates the presence of an effective
recruitment mechanism within these clusters, where few B-cells (perhaps with the appropriate

antigen specificity) are recruited and diversified.

My results revealed that the role of MM®Cs in the development of Ag-specific B-cells is not
limited to IgM expressing B-cells but also involves IgZ expressing B-cells. Moreover, VDJ usage
analysis showed that some of the Vu-elements are favored in the Ig repertoires from unvaccinated
fish, which indicates that these repertoires were under common selection pressures in their
environment; though, the bias in VDJ usage could result from combinatorial biases during the
recombination process. Also, VDJ usage analysis using Ig repertoires isolated from vaccinated fish
MM®Cs revealed that the injected vaccine induced the expansion of certain IGHV genes in these
repertoires, and the results from the repertoires isolated from MM®Cs from different fish
vaccinated with the same vaccine demonstrate that the repertoires of the different individuals were

under common selection pressure.

Interestingly, my data support the hypothesis that the posterior kidney is a secondary lymphoid

organ similar to the spleen in fish. In addition, analysis of the Ig repertoire isolated from the

intestine revealed that mutations and clonal expansion of B cell clonotypes occur in the intestine.

Imaging flow cytometry data confirmed the presence of lymphocyte-like cells within zebrafish

MM®Cs. In addition, the numbers of lymphocyte-like cells within zebratish MM®Cs found using
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imaging flow cytometry are consistent with the numbers of unique B-cell clonotypes within a
cluster obtained using high throughput sequencing. Furthermore, I was able to verify that long-
term antigen retention occurs within MM®C:s in the spleen and kidney in zebrafish using labeled

antigens.

Overall, the findings of my thesis strongly suggest that melano-macrophage clusters in fish are
functional analogues of homeotherm germinal centers. They also indicate that the posterior kidney

of bony fish is a bona fide secondary lymphoid tissue.

Recent work done in our lab using vaccinated goldfish has established that MM®s are the cells
that retain the antigen within MM®Cs, and the antigen on the cell surface appeared to be in an
intact form (Muthupandian MSc thesis, U of A, 2020). In addition, several genes which could
potentially aid in FDC-like functions, such as BAFF, FcR-like isoform, and CR-like isoform, were
found to be expressed by MM®s using RNA-sequencing of goldfish kidney MM®s
(Muthupandian MSc thesis, U of A, 2020). BAFF is produced by FDCs, and it is crucial for
maintaining B-cells homeostasis and enhancing their survival within the GCs (Lesley et al., 2004,
reviewed in Allen et al., 2008). In addition, FDCs express complement and Fc receptors such as
CR1, CR2, and FcyRIIB; these receptors are required for trapping the unprocessed antigen as an

immune complex on the surface of FDCs (reviewed in Allen et al., 2008).

Previous studies revealed that antibody affinity maturation process occurs in bony fish (Ye et al.,

2011, Wu et al., 2019). Using rainbow trout and channel catfish, it was shown that following

immunization with a T-cell dependent antigen (TNP-KLH), a shift towards the production of
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higher affinity antibodies occurs in these fish a few weeks post-immunization (Wu et al., 2019; Ye
et al., 2011). However, the increase in antibody affinity found in fish (100-fold increase) is
considerably modest compared to mammals (1000-fold increase). Interestingly, a unique feature
of bony fish IgM is that the number of interchain disulfide is determined by the affinity of the BCR
for a specific antigen, where antibodies with a higher affinity for the antigen have the highest
degree of polymerization (reviewed in Ye et al., 2011). My analysis of the Ig repertoires prepared
using MM®Cs from unvaccinated and vaccinated fish revealed that clonal lineages of B-cells
accumulate new mutations within the VDJ exon, and the analysis of the distribution of mutations
indicated the presence of an active antigen-driven selection process. While we have not verified if
the observed mutations lead to an increase in the antibody binding affinity to the foreign antigens,
my results suggest that AID-induced SHM is essential to increase the binding affinity. The higher
degree of polymerization found in the antibodies with higher binding affinity could also contribute

to the overall strength of the antibody-antigen interaction.

Collectively the data presented in this thesis and the finding that MM®s are the cells that retain
the antigen within MM®Cs suggest a model of affinity maturation in fish where activated B and
Tth -cells are recruited to MM®Cs, perhaps using CXCL13 expressed by MM®s (Waly et al., in
preparation). Within the clusters, B-cells rapidly proliferate while acquiring AID and error-prone
polymerases mediated mutations in their VDJ exon. In this model, B-cells with mutated Ig
receptors compete for intact antigens on the surface of MM®s. However, unlike the mammalian
germinal center, where B-cells represent around 35% to 41% of the total number of cells (Kuppers
et al., 1993), my results revealed that lymphocyte-like cells represent between 13% to 19% of the

total number of cells within MM®Cs. Moreover, earlier studies revealed that there is a relatively
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high number of intact antigens available on the surface of MM®s within these clusters compared
to the number of trapped antigens on the surface of FDCs in the germinal centers (reviewed in
Muthupandian et al., 2021). Therefore, it appears that within MM®Cs, any B-cells that can bind
the antigen will internalize and present it to Tth-cells from which they receive a survival signal
(positive selection); subsequently, selected cells will undergo further proliferation and eventually
differentiate into plasma cells and memory B-cells (Figure 5.1; reviewed in Muthupandian et al.,
2021). Furthermore, MM®s are phagocytic cells, and thus they could phagocytose apoptotic cells
that fail to bind the intact antigen within these clusters similar to tangible body macrophages
(TBM), which are found within the germinal centers (reviewed in Steinel et al., 2017). This model
explains the modest increase in antibody affinity in fish (100-fold increase) when compared to
mammals (1000-fold increase) following immunization with T-cell dependent antigens (Ye et al.,

2011, Wu et al., 2019).

202



) =
“e® . . . Differentiation
MM®s .

Plasma cells
CI al = Prohfcrauon
o L] expa(;:.slon . /
® @ ¥ A ) T—cell .
PS ® e ® e GCs  MM®Cs
e ® . . )
e

. [
Activated .® @ I Memory B-cells B.cells ~ More Less
B-cells - ® .
L4 L
L J

.® Antigen  Less More

MM®Cs Affinity  1000-fold 100-fold

Figure 5.1. Model for antibody affinity maturation in fish. Activated B and T-cells are recruited
to MM®Cs. Within the clusters, B-cells rapidly proliferate while acquiring AID and error-prone
polymerases mediated mutations in their VDJ exon. B-cells with mutated Ig receptors compete for
intact antigens on the surface of MM®s. Within MM®Cs, any B-cells that can bind the antigen
will internalize and present it to Tth-cells from which they receive a survival signal (positive
selection); subsequently, selected cells will undergo further proliferation and eventually
differentiate into plasma cells and memory B-cells. MM®s are phagocytic cells, and thus they

could phagocytose apoptotic cells that fail to bind the intact antigen within these clusters.
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CHAPTER VI

SIGNIFICANCE AND FUTURE DIRECTIONS

6. Significance and future direction

6.1. Significance

The work presented in this thesis is the first to directly test the hypothesis that MM®Cs are
functional analogous of homeotherm germinal centers. The findings in my thesis support that
MMOCs in fish are acting as primordial germinal centers and verified their role in the adaptive
immune system, which indicate that MM®Cs can provide a valuable tool for comparative studies
of the adaptive immunity in lower vertebrates. Furthermore, the finding that MM®Cs are the sites
where affinity modification process occurs in fish will allow further studies into the different cell
types involved in this process. In addition, this work will help develop comprehensive models of
how antibody affinity maturation evolved and functions in fish, which can aid in the development
of more effective vaccines for aquaculture and fish husbandry industries. Overall, this work will
provide a better understanding of the evolutionary history of the adaptive immune system.
Moreover, the findings of my thesis may provide an insight into processes occurring in ectopic
GCs that form in the absence of FDCs in the lymphoid tissues of patients with certain auto-immune

or pro-inflammatory diseases (William et al., 2002).

6.2. Future directions
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Using Ig repertoires isolated from unvaccinated and vaccinated fish MM®Cs, we revealed that B-
cell clonotypes proliferate within the clusters and accumulate AID and error-prone polymerases
induced mutations. In addition, I found evidence for Ag-driven selection process within MM®Cs.
However, we have not verified if the observed mutations lead to affinity maturation and increase
the antibodies' binding affinity to the foreign antigens. To determine if the observed mutations lead
to antibody affinity maturation, the binding affinity of antibodies isolated from MM®Cs should
be examined. Ig repertoires from vaccinated fish MM®Cs were isolated 30 or 40 days after the
first injection; therefore, MM®Cs from vaccinated fish should be isolated 14 days following
vaccination and placed in a small volume of culture media for 14-20 days, then the supernatant
from these cultures can be collected to measure the binding affinity. Biacore system, which uses
surface plasmon resonance (SPR), can be used to measure the antibodies binding affinity, where

the target antigen can be attached to a thin layer of gold (Murphy et al., 2006).
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