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Abstract 

Title:  Ontogeny and Phylogeny of the Splenic White Pulp 

Harold R. Neely, Doctor of Philosophy, 2015 

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

and Immunology 

Secondary lymphoid organs (SLO) provide the structural framework for the co-

concentration of antigen and lymphocytes required for an efficient adaptive immune 

response. The spleen is the primordial SLO, and evolved concomitantly with Ig-

/TCR:pMHC-based adaptive immunity. The ontogeny of the spleen’s lymphoid 

compartment, the white pulp (WP), begins in all characterized vertebrates with an 

accumulation of B cells around splenic vasculature. In mammals, this nascent B cell 

follicle (FO) migrates from the vasculature as the WP matures, and is replaced by a 

periarteriolar lymphoid sheath (PALS) composed of T-cells. This migration is dependent 

upon the B cell-dependent induction of mesenchyme-derived, perivascular pre-follicular 

dendritic cells (FDC), which, as mature FDC, promote follicular identity, present native 

antigen to B cells, and support the formation of germinal centers (GC). While the B cell-

dependence of these processes is well established, neither the lineage nor the subset of B 

cells responsible for induction of WP ontogeny has been identified. In the mature WP of 

the amphibian Xenopus laevis and the shark Ginglymostoma cirratum, B cells retain the 

ancestral vasculature-associated feature and neither species supports the formation of GC, 

though both class switch recombination and somatic hypermutation occur in Xenopus B 

cells. Additionally, ultrastructural analyses suggest that canonical FDC do not exist in 

lower vertebrates; rather, a single, morphologically homogeneous population of DC, 



termed XL cells, has been identified in the Xenopus spleen, both in the red and white 

pulp. Neither the lineage of the XL cells nor their capacity to promote humoral vs. cell-

mediated immunity is known.  

In order to gain insight into the development and evolution of vertebrate SLO we 

proposed three distinct approaches to determine the level of evolutionary conservation in 

WP ontogeny and microarchitecture, to establish the multiplicity of DC lineages in the 

Xenopus spleen, and to identify the initiating subset of B cells in mammalian WP 

ontogeny. We show that the perivascular accumulation of B cells marks the onset of WP 

ontogeny in Xenopus (as we have previously demonstrated in the nurse shark), 

demonstrating that the ontogeny of the WP is conserved, while displacement of the FO 

by the PALS is a recently evolved characteristic of the mammalian splenic WP. Further, 

we show that the Xenopus XL cells express high levels of MHC Class II, suggestive of a 

conventional hematopoietic lineage. Upon immunization, XL cells reposition themselves 

at the internal perimeter of the FO, acquire and retain native antigen at their plasma 

membrane, and express CXCL13 and BAFF, suggesting an FDC-like function, and 

therefore that XL cells perform “double duty,” presenting Ag to both T cells and B cells. 

Lastly, we show that, in the mouse, WP ontogeny is initiated at birth by transitional B 

cells, likely of the B-1a lineage, upon acquisition of chemotactic responsiveness to the B 

cell chemoattractant CXCL13, which is produced by embryonic pre-FDC prior to the 

onset of WP ontogeny. These studies demonstrate a progressive accumulation of splenic 

WP complexity and functionality over the course of vertebrate evolution, and provide 

insight into the regulation of lymphoid ontogeny, both developmental and pathological. 
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Chapter 1: Introduction and Specific Aims 

 

Overview 

Adaptive immunity in all gnathostomes (jawed vertebrates) is mediated by 

antigen- (Ag) restricted lymphocytes, B cells and T cells. The antigenic specificity of an 

individual B cell is conferred by its Ag receptor, the B cell receptor (BCR). The BCR is 

composed of two identical Ig heavy (IgH) chains, each paired to an Ig light (IgL) chain. 

Likewise, the antigenic specificity of an individual T cell is conferred by its Ag receptor, 

the T cell receptor (TCR), which is composed of a heterodimer of a single TCRα and 

TCRβ chain or of a TCRγ paired with a TCRδ chain. The BCR recognizes epitopes on 

native Ag, while the αβTCR recognizes peptide Ag fragments presented by major 

histocompatibility complex (MHC) proteins. The γδTCR appears capable of recognizing 

either native Ag or Ag presented in the context of non-MHC or non-classical MHC class 

I proteins. 

The antigenic specificity of the BCR is determined by the combinatorial 

conformation of the N-terminal Ig domains of the IgH and IgL chains; likewise, the 

specificity of the TCR by the TCRα/TCRβ or TCRγ/TCRδ N-terminal Ig-like domains. 

The IgH, TCRβ, and TCRδ domains are encoded by three discrete gene segments, termed 

variable (V), diversity (D), and joining (J), while the IgL, TCRα, and TCRγ domains are 

encoded by only a V and J segment. TCR gene segments in all gnathostomes, and Ig 

genes in all but the cartilaginous fish (see below, and Flajnik 2002), contain V, D, and J 

gene segments arranged in a “translocon” organization, with multiple unique V segments 
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upstream of multiple unique D segments (when applicable), upstream of multiple unique 

J segments (Figure 1-1).  

Generally, any individual B or T cell will express antigen receptor with a single 

specificity, and as such, any individual B or T cell is restricted to a single antigenic 

epitope according to the clonal selection theory (F. M. Burnet 1957). The diversity of the 

lymphocyte repertoire is generated by the random, germline recombination of these 

individual gene segments to form the singular Ag receptor expressed by a given 

lymphocyte. Given the incredible diversity of unique antigen receptors that can be 

generated by this process (a diversity generated not only by all possible permutations of 

V(D)J segment usage but also imprecise/nontemplated joining of the segments during 

recombination), only a small number of lymphocytes with a single specificity will be 

generated, giving rise to an extremely low precursor frequency of any given antigen-

specific lymphocyte clone.  

Given the low precursor frequency of lymphocytes reactive with a given antigenic 

epitope (and the relatively short lifespan of naïve lymphocytes, absent antigenic 

stimulation), the need for a physical structure/location in which both Ag-restricted 

lymphocytes and potentially foreign Ag can meet is obvious; without this co-

concentration, the likelihood of Ag and one of the few potentially reactive lymphocytes 

encountering each other within a vertebrate body is extremely low. Secondary lymphoid 

organs (SLO) provide the structural framework necessary for the co-concentration of 

antigen and antigen specific lymphocytes required for an efficient adaptive immune 

response (Hofmann 2010). Not only must SLO provide a physical location and structural 

framework to promote lymphocyte:Ag encounter, they must also possess a mechanism  
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Figure 1-1:  Genomic organization of Ig loci in various vertebrate classes.  
Translocon organization of Ig gene segments, in all jawed vertebrates save the 
cartilaginous fish (upper panel) and cluster organization of the cartilaginous fish (lower 
panel). Adapted from Flajnik 2002.  
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for the recruitment of lymphocytes and for the acquisition and retention of Ag – these 

mechanisms are discussed below. 

The spleen is the primordial SLO, and evolved concurrently with Ig/TCR:pMHC-

based adaptive immunity (Boehm 2012). Indeed, it is the only SLO which is present in 

all jawed vertebrates (see below). The spleen is unique among SLO in its functional and 

histological segregation into two discrete areas: the red pulp (RP) and the white pulp 

(WP) (Mebius 2005). The RP is tasked with filtration of the blood, including removal of 

effete erythrocytes and free heme for iron recycling, as well as bacterial capture and 

clearance; the WP is the spleen’s lymphoid component. This architectural and functional 

dichotomy has been conserved since the appearance of the spleen itself in early jawed 

vertebrates approximately 500 million years ago (MYA). Of note, the spleen is 

dispensable for the filtration of effete erythrocytes/heme from the blood – splenectomized 

or congenitally asplenic mammals are viable, as the liver is capable of performing these 

duties. Thus, the spleen’s primary/original function may have been as an SLO, with its 

blood-filtration capacity arising later in evolution.  

Herein, we refer to bona fide SLO as structures dedicated to the co-concentration 

of Ag and Ag-restricted lymphocytes, arising at a developmentally programmed time 

point and anatomical location within a given species. Additionally, SLO have a defined 

(though species-specific) microarchitecture, characterized by discrete areas for B cells 

and T cells. In mammals, lymph nodes (LN) and the Peyers Patches (PP) of the gut have 

these characteristics, while only the spleen does in lower vertebrates. Additional 

lymphoid structures exist in lower vertebrates (and mammals), and are referred to by 

different names, depending on their location and the context in which they appear (see 
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Figure 1-2). Mucosa-associated lymphoid tissue (MALT) is observed in all vertebrates, 

though the structures observed prior to the evolution of PP and mesenteric LN in 

mammals lack the defining microarchitecture of a proper SLO. Further, many of these 

structures appear only after antigenic stimulation. 

Another central component of SLO is the presence of cells dedicated to the 

acquisition of Ag and its subsequent presentation to Ag-restricted lymphocytes in a 

context capable of eliciting a productive response. Dendritic cells (DC), both 

conventional (cDC) and follicular (FDC) have been extensively characterized in 

mammals and birds, and interest in their evolutionary origins is increasing. The need for 

cDC is obvious, as αβ T cells require Ag presentation by another cell type, typically 

cDC, in the context of MHC. FDC, which have been only positively identified in birds 

and mammals, perform a somewhat similar Ag-presentation function for B cells, though 

they present native, unprocessed Ag (see below).  

A progressive evolution of both adaptive immunity and SLO microarchitecture 

and function is evident. The spleen of the cartilaginous fish accepts and filters only the 

blood, as the cartilaginous fish lack a lymphatic system. Lymphatics arose in the teleost 

(bony) fish. Physical segregation of the splenic WP from the RP (defined by the presence 

of a discrete structure/cell population between the WP and RP) is first observed in 

amphibians, along with the capacity for Ig genes to undergo class switch recombination 

(CSR). Germinal centers (GC, discussed below) are not evident in the spleen until birds. 

Below, we describe the spleen, its microarchitecture, cellular constituency, and functional 

capacity (with regard to the stimulation of adaptive immunity) throughout its evolution, 

alongside the evolution of adaptive immunity. We begin with the mammalian spleen,  
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Figure 1-2: SLO throughout vertebrate evolution.  Primary (A) and secondary (2) 
lymphoid organs, as well as additional lymphoid structures, present in indicated 
vertebrate class. GALT: gut-associated lymphoid tissue. 
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which has the most complex structure, to provide a frame of reference and context into 

which its evolutionary predecessors can be placed. This is followed by a review of 

published data on the spleen, splenic WP, and splenic DC constituency in all jawed 

vertebrate classes, to illustrate the progressive accumulation of splenic WP complexity 

and functional capacity that evolved alongside the adaptive immune system, 

complementing and enabling the progressive increases in the complexity and potency of 

adaptive lymphocyte responses throughout vertebrate evolution. 

 

The Mouse Spleen 

The Mouse Splenic Red Pulp 

The primary function of the splenic red pulp is filtration of the blood (Reviewed 

in Mebius 2005, Cesta 2006). Blood enters the spleen via the afferent splenic artery, 

flows through arterioles around which are situated the multiple WP of the spleen (see 

below), eventually arriving in the RP cords, which are composed of reticular fibers and 

fibroblasts, together forming an open blood system without an endothelial lining (Mebius 

2005). Blood is returned to the circulation via the venous sinuses of the RP, into which it 

flows from the cords. Filtration of effete erythrocytes (i.e. aging erythrocytes that have 

lost membrane plasticity) is largely attributed to the ultrastructure of the venous sinuses 

of the RP, described as a “discontinuous endothelium” (den Haan 2012). A lining of 

endothelial cells, positioned parallel to each other and connected by annular fibers and 

stress fibers, comprise the sinuses (Figure 1-3 and Mebius 2005). The contractile stress 

fibres allow for adjustment of the positioning and proximity of the endothelial cells to 

each other, creating “slits” between the endothelial cells in which effete RBC can be  
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Figure 1-3:  The mouse spleen.  (A) Overall anatomy and architecture of the spleen. (B) 
Ultrastructure of the venous sinuses of the splenic RP. (C) Schematic representation of a 
typical WP.  Adapted from Mebius 2005. 
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trapped/immobilized. RP macrophages will then phagocytose and digest the RBC, 

ultimately resulting in the regeneration of free ferrous iron (Fe2+). RP macrophages are 

also capable of scavenging hemoglobin released after hemolysis of RBC outside the 

spleen – free hemoglobin, bound by serum haptoglobin, is recognized by RP 

macrophage-expressed hemoglobin receptor CD163, which allows for receptor mediated 

endocytosis. The iron-binding/-recycling capacity of RP macrophages is also implicated 

in the restriction of iron-dependent bacterial growth within the spleen – rapid induction of 

Lipocalin-2, a bacterial siderophore-binding protein, has been demonstrated in TLR-

stimulated RP macrophages. 

 

The Mouse Splenic WP 

The term “white pulp” can be used to refer to the entirety of the lymphoid 

compartment of the spleen, or to an individual structure with the following 

characteristics: a central arteriole, surrounded by a periarteriolar lymphoid sheath (PALS) 

of T cells, adjacent to which are one or more B cell follicles (FO), all of which is 

bounded by the marginal zone (MZ), which separates each individual WP from the RP 

(Figure 1-3).  Hereafter, we will use the term WP to refer to the individual structure, 

described in detail below. 

 

The Mouse Splenic WP: The T Cell Zone (PALS) 

The PALS is populated by T cells, conventional DC, and stromal cells. T cell 

recruitment to and retention within the WP is governed by CCR7 on T-cells in response 

to the chemokines CCL19 (originally named EBI1-ligand chemokine, ELC) and CCL21 
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(originally named secondary lymphoid tissue chemokine, SLC), which are produced most 

abundantly by a population of radioresistant, gp38+ stromal cells, specifically fibroblastic 

reticular cells (FRC) (Luther 2000). The FRC also produce the T cell survival factor 

cytokine IL-7 (Link 2007). CCL19 is also produced, albeit at lower levels, by CD8+ DC 

within the PALS (Luther 2000). The physical framework of the PALS is also established 

by the FRC; this framework provides structural integrity to the PALS, and also allows for 

T cell entry into, and movement within and throughout, the PALS (Bajenoff 2008). Entry 

from the RP, via the MZ, is facilitated by FRC-derived “bridging channels.” Within the 

PALS, a three-dimensional reticulum is formed by the interconnected FRC; lymphocytes 

fill the spaces within this network (den Haan 2012). The T cells not only “fill up” the 

network, but are in constant motion within it, sampling pMHC+Ag on cDC throughout 

the PALS. Antigen acquisition by WP cDC, as well as migration of external cDC into the 

WP, are discussed below. 

 

The Mouse Splenic WP: The B Cell Zone (FO) 

The B cell follicle comprises B cells and FDC (see below). FDC produce the B 

cell chemoattractant cytokine (chemokine) CXCL13 (BLC), which interacting with 

CXCR5 not only induces the migration of B cells into the FO, but also induces their 

expression of LTα1β2, which in turn induces and maintains the 

maturation/differentiation of FDC (Ansel 2000, see Table 1-1). This positive feedback 

loop is necessary for the establishment and maintenance of FO integrity. Tumor necrosis 

factor (TNF) α and its receptor TNFR1 are also necessary for the establishment and 

maintenance of FO and WP integrity, though the precise requirements for and effects of  
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Table 1-1: Key molecular and cellular players in WP ontogeny, and defining 
characteristics of SLO throughout evolution. Genomic presence or absence of 
cytokines/chemokines key to mammalian WP ontogeny and microarchitecture, cell types 
involved in SLO formation and/or function, and characteristics of SLO and adaptive 
immunity. Brackets indicate a presumed absence. Affinity maturation in lamprey has 
been suggested, but is questioned. 
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TNFα/TNFR1 are not well understood. Genetic ablation of any member of these 

pathways results in an inability of the WP to properly form, and disruption of the same 

results in a loss of already established WP microarchitecture (Figure 1-4) (Ansel 2000, 

Koni 1997, Pasparakis 1996). FDC also express the cellular adhesion molecules VCAM1 

and ICAM1 (Krautler 2012), and the B cell survival factor BAFF (Gorelik 2003). Like 

the T cells in the PALS, the B cells within the WP are constantly in motion, sampling Ag 

on FDC processes throughout the FO. 

 

The Mouse Splenic WP: Follicular Dendritic Cells 

Follicular dendritic cells (FDC) were “originally identified by their striking 

morphology and their ability to trap immune complexes (ICs) of antigen and antibodies 

in B cell follicles” (Klaus 1980 and Aguzzi 2014), and are instrumental in the initiation 

of humoral immune responses by virtue of their ability to retain and present native 

antigen at their plasma membrane to B cells. FDC have long been known, based on their 

radioresistance in the earliest experiments, to derive from a non-hematopoietic precursor 

and to be dependent upon lymphotoxin (LT) α1β2 signaling via the LTβR (Endres 1999, 

Ngo 1999). The precursor cells to FDC (pre-FDC) were recently identified as ubiquitous, 

perivascular mural cells expressing the platelet-derived growth factor receptor β 

(PDGFRβ) (Krautler 2012). 

As mentioned, the B cell receptor (BCR) recognizes epitopes on native (i.e. 

unprocessed) Ag. Engagement and crosslinking of multiple BCRs on a single B cells are 

required for cellular activation. As such, a scaffolding platform upon which native Ag 

can be arrayed is a requirement for an efficient humoral immune response; FDC provide  
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Figure 1-4:  Splenic WP microarchitecture in the absence of key 
cytokines/chemokines.  Contracted, discrete B cell follicles are absent from the splenic 
WP in the absence of CXCL13 (left column), LT (center column), and TNF (right 
column). Adapted from (Ansel 2000, Koni 1997, Pasparakis 1996). 
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this platform as they acquire and retain native Ag at their plasma membrane via 

complement receptors (CR) 1 and 2 (CD35 and CD21, respectively) and FcγRIIb 

(reviewed in Allen 2008). The interdigitating network of the FDC’s dendritic processes 

permeates the FO, allowing for Ag to be arrayed throughout the FO, maximizing the 

availability of FDC-associate Ag to B cells within the FO. 

 

The Mouse Splenic WP: The Marginal Zone and Antigen Trafficking 

 The marginal zone is composed of a unique subset of B cells (MZB cells), two 

unique subsets of macrophages, the marginal zone metallophilic macrophages (MMM) 

and marginal zone macrophages (MZM), and reticular fibroblasts. The MMM surround 

the WP, just inside the marginal sinus, which is lined by MADCAM1+ sinus-lining cells. 

Beyond the sinus are the MZ B cells and the MZM, along with the reticular fibroblasts 

that give some level of structural integrity to the MZ as a whole. Also present in the MZ 

is a subset of cDC, characterized by their binding to a chimeric protein composed of the 

Fc region of human IgG1 fused to the cysteine-rich domain of the mannose receptor 

(termed “CR-Fc”) (Yu 2002).  

 As the MZ surrounds the WP, RP-derived Ag must necessarily cross it in order to 

gain access to either the PALS or the FO. Smaller Ag (~65kDa and smaller) can diffuse 

through the MZ, while larger Ag must be transported across/through by cells, including 

the CR-Fc+ DC and conventional DC and MZM. Additionally, antigen-non-specific 

MZB cells have been shown to shuttle back and forth between the MZ and FO in a 

mechanism dependent upon reciprocal desensitization to S1P (abundant in the blood-rich 
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RP) and CXCL13 (abundant in the FO), carrying either native Ag or internalized Ag for 

presentation in the context of MHC (Allen 2008). 

 

The Mouse Splenic WP: The Secondary Follicle (Germinal Center) 

 Upon activation by cognate Ag (usually on the surface of an FDC), follicular B 

cells will upregulate CCR7 and in a CCL19/21-dependent manner migrate to the 

periphery of the follicle, bordering the T cell zone. Reciprocally, T cells stimulated by 

cDC in the PALS will upregulate CXCR5 and migrate in a CXCL13-dependent manner 

to the border of the PALS/FO. In the event of a cognate T cell:B cell interaction at the T 

zone/B zone border (or in the interfollicular region), by mechanisms still not fully 

understood, a germinal center (GC, also known as a secondary follicle) will form 

(reviewed in De Silva 2015). 

 The GC is separated into two zones: the dark zone (DZ) and light zone (LZ). 

Within the dark zone, B cells (known as centroblasts) proliferate and mutate their BCR 

genes. This mutation, termed somatic hypermutation (SHM) which underlies affinity 

maturation (AM), is mediated by the activation-induced cytidine deaminase (AID)-

dependent recognition and deamination of conserved motifs within the IgV region, and 

the consequent error-prone repair and mutation of nucleic acids within these motifs. 

Additionally, class-switch recombination (CSR) occurs, also mediated by AID, at regions 

downstream of the IgV gene and upstream and within the IgH gene complex. These 

regions, known as switch boxes, allow for the generation of AID-dependent double-

strand breaks 5’ of the IgM C and the other switching C gene resulting in germline 

recombination. After several rounds of proliferation/mutation, the cells enter the LZ for 
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positive selection. The affinity of the mutated BCR is tested on FDC within the LZ, 

termed “LZ FDC.” LZ FDC are a further differentiated form of FDC, characterized by 

increased expression of CR1/2, increased ability to trap immune complexes, and 

increased production of the milk fat globule-EGF factor 8 (Mfge8, also known as FDC-

M1), a phosphatidylserine-binding  protein that promotes engulfment/phagocytosis of 

apoptotic GC B cells (Allen 2008 Kranich 2008). Selection upon cognate Ag on a LZ 

FDC, and subsequent internalization and processing of cognate Ag, is followed by 

interaction with CD4+ T follicular helper cells (Tfh), to ensure retention of specificity for 

the initially encountered Ag and presumably to prohibit autoimmune clones from being 

selected. Successful selection results either in re-entry into the DZ (cyclic re-entry) or 

egress from the GC as either a plasmablast or memory B cell. 

To date, GC have only been positively identified in mammals and birds (see 

below). 

 

Ontogeny of the Mouse Splenic White Pulp 

During murine ontogeny, the organogenesis of the spleen begins at E12 with the 

formation of the splanchnic mesodermal plate, and progresses in a homeobox 

transcription factor (Hox) 11-dependent fashion (Roberts 1994). Colonization of the 

spleen by progenitor cells derived from erythroid and myeloid lineages begins as early as 

E13.5, along with colonization by lymphoid tissue-inducer (LTi) cells; hematopoietic 

stem cell colonization follows at E14.5. Over the next several days of embryonic/fetal 

development, the spleen grows, and its cellular constituency increases in both number 

and cell type. Until birth, however, no RP/WP dichotomy is evident; rather, the spleen 
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consists entirely of what is essentially RP. By postnatal day 2 (P2), B cells can be 

observed around the splenic vasculature, in a contracted, nascent follicle (Vondenhoff 

2008). At P4, the nascent follicle has grown, is surrounded by MOMA-2+ cells 

(indicative of the appearance of the marginal zone), and a small number of T cells are 

detectable around the vasculature at its center. By P6, further displacement of the follicle 

by the nascent PALS is evident, and the WP begins to display microarchitectural maturity 

at. All the events in neonatal WP ontogeny are dependent upon LT/LTbR interactions, 

either directly or indirectly (Vondenhoff 2008). 

 

Notes on the Mouse Spleen vs. Human Spleen 

 It should be noted that the mouse spleen, specifically the spleen of the C57Bl/6J 

mouse, is not necessarily representative of all mammalian spleens. Indeed, it is not even 

representative of all mouse spleens. Differences in the microarchitecture of the WP have 

been observed not only among different mouse species, but also within Mus musculus 

(Aude Thiriot, personal communication). The architecture of the human WP differs from 

that of mouse as well (Mebius 2005 and Steiniger 2015), though the characteristics that 

separate it from its evolutionary precursors remain (see below). The ontogeny of the 

human WP differs from that of the mouse as well – ontogeny begins in utero, though the 

onset is still marked by a perivascular accumulation of B cells (Steiniger 2007). The in 

utero ontogeny of human SLO likely contributes to the relative immunocompetence of 

human neonates, relative to mouse.  
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Agnathans 

The first extant iteration at adaptive immunity is present in the agnathans (jawless 

vertebrates: lamprey and hagfish, last common ancestor with humans approximately 500 

MYA). The Ag-restricted receptors expressed by agnathan lymphocytes, named the 

variable lymphocyte receptors (VLR), are composed of rearranging leucine-rich repeat 

(LRR) segments rather than rearranging Ig segments (reviewed in Boehm 2012). Three 

distinct subsets of VLR and VLR-bearing lymphocytes have been identified in lamprey, 

which seem to correspond to αβ T cells (VLR-A), B cells (VLR-B), and γδ T cells (VLR-

C) of vertebrates, respectively (Hirano 2013, Li 2013, Flajnik 2014).  

While a putative primary lymphoid organ, the thymoid, has been identified in the 

sea lamprey (Petromyzon marinus) (Bajoghli 2011), agnathans lack a spleen; indeed, 

there is no evidence of any SLO in the jawless fish. Likewise, “there has been no sign of 

MHC I or II genes in animals older than the cartilaginous fish” (Flajnik 2004), nor are 

there any orthologs of MHC-associated Ag processing genes, which suggests an absence 

of antigen presentation and, by extension, of conventional, antigen-presenting DC. 

Whether any organ, tissue, or mechanism for the concentration of Ag, Ag-restricted 

lymphocytes, or both, is present in the jawless vertebrates is an open question. Despite 

the absence of SLO, evidence exists for some level of affinity maturation over the course 

of an immune response, at least in the case of VLR-A (Deng 2010). Whether this affinity 

maturation occurs in situ (i.e. at the site of VLR-A cell stimulation) or at a location 

dedicated to the support of VLR-A mutation is unknown. 
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Elasmobranchs 

Adaptive Immunity and Lymphopoiesis in Elasmobranchs 

Adaptive immunity based on rearranging Ig/TCR:pMHC likely arose in the 

placoderms, an extinct vertebrate class. Chondrichthyes (cartilaginous fishes, i.e. 

chimeras, sharks, skates, and rays, last common ancestor with humans ~500 MYA) is the 

oldest living group with Ig-/TCR:pMHC-based immunity, and is the oldest living group 

containing the primordial secondary lymphoid organ, the spleen. Additionally, the nurse 

shark contains two distinct primary lymphoid organs: the epigonal organ (bone marrow 

equivalent; NB: some, but not all, elasmobranchs also contain an additional bone marrow 

equivalent, the Leydig organ) and thymus (Smith 2015). As would be predicted, RAG1 

expression is restricted to these organs (Rumfelt 2002).  

The genomic organization of elasmobranch IgH gene segments is unique among 

jawed vertebrates in that the segments are organized in “clusters” containing a single V 

segment, one or more D segments, a single J segment, and a dedicated constant region, in 

contrast to the conventional “translocon” organization (Figure 1-1) (Flajnik 2002). 

RAG-dependent V(D)J recombination within a given cluster, however, occurs normally. 

While SHM/AM occurs in nurse shark B cells (Diaz 1998), canonical CSR does not; no 

switch box regions or AID “hotspots” (RGYW) have been detected adjacent to IgH loci. 

However, evidence (at the mRNA level) of a non-canonical form of CSR has been 

reported, perhaps orchestrated by a unique repetitive element (Zhu 2012). 
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The Nurse Shark Spleen: Architecture and Ontogeny 

Like all jawed vertebrates save mammals, the only bona fide secondary lymphoid 

organ in the nurse shark is the spleen. The spleen of the nurse shark is separated into 

distinct RP and WP, though no defining border/marginal zone exists between the two 

(Zapata 1996). The RP of the nurse shark spleen contains macrophages and erythrocytes, 

as well as Ig-secreting plasma cells (Rumfelt 2002 Castro 2013), localized 

predominantly at the periphery of the WP and at the splenic capsule. The WP of the nurse 

shark contains densely packed lymphocytes, surrounding arterioles; the arterioles 

terminate into ellipsoids at the periphery of the WP (Rumfelt 2002). 

WP ontogeny begins in the neonatal nurse shark spleen, and its onset is marked 

by an accumulation of B cells around splenic vasculature (Figure 1-5 Rumfelt 2002). 

DC are not evident in the nascent follicle until 2.5 months of age. A previous model in 

our laboratory held that the nurse shark WP matures into a configuration characterized by 

a large, central T cell zone bounded/surrounded by a smaller B cell zone, with or without 

additional, smaller, adjacent B cell zones (Figure 1-5). Recent analyses, however, have 

cast doubt on this model, and will be discussed in more detail in Chapter 4 and Chapter 

7. Nevertheless, the WP of the nurse shark spleen does segregate at least into discrete B 

cell zones. 

Dendritic/Antigen Presenting Cells in the Nurse Shark 

Along with lymphocytes in the white pulp of the quiescent nurse shark 

(Ginglymostoma cirratum) spleen, we have described large cells expressing high levels of 

MHC Class II, and displaying dendritic processes (Rumfelt 2002 and our unpublished 

observations). Immunization of adult nurse sharks with biotinylated bovine serum  



	 21	

 
 
Figure 1-5: Previous model for WP ontogeny and mature microarchitecture in the 
nurse shark.  (A) Predicted progression of nurse shark WP ontogeny, with B cells 
initiating, followed by T cell immigration. (B) Predicted microarchitecture of the mature 
nurse shark WP. Adapted from Rumfelt 2002. 
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albumin resulted in an accumulation of immunogen in the splenic RP within one week; 

four weeks after immunization, the immunogen had localized to the splenic WP, and was 

predominantly observed at the plasma membrane of large cells with dendritic processes 

(our unpublished observations). This retention of immunogen at the DC’s plasma 

membrane suggests Ag presentation to B cells, though the high levels of MHC Class II 

suggest that these cells are of a conventional, hematopoietic lineage (i.e. they are not 

bona fide FDC). 

 

“Effector” Sites of Humoral Immunity in the Nurse Shark 

While the nurse shark spleen, as the only SLO, is the “major site for antigen 

stimulation leading to antibody…synthesis” (Rumfelt 2002), it is not the only site of Ig 

expression/secretion. 19S IgM- and IgW-secreting cells populate the epigonal organ 

(Castro 2013) in a manner reminiscent of mammalian bone marrow population by both 

B-1a lineage Ig-secreting cells (Baumgarth 2012) and long-lived plasma cells (Tangye 

2011). Additionally, significant Ig transcription has been detected in the pancreas, gill, 

liver, kidney, and olfactory organ (Rumfelt 2004). Ig secretion has been confirmed in 

both pancreas and olfactory organ (our unpublished observations).  

 

Teleost Fish 

The Teleost Spleen 

The WP of the teleost (bony fish) spleen is poorly studied, compared to the spleen 

of its evolutionary ancestors and descendants. In the zebrafish (Danio rerio) spleen, there 

is a separation of RP from WP, but the WP itself contains few cells; macrophages 
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surround the ellipsoids, with accumulations of lymphocytes nearby. No resolution 

between B and T cell zones has been reported in the zebrafish WP, though this does not 

rule out the possibility that this segregation exists. B/T zone segregation has been 

suggested in the rainbow trout (Oriol Sunyer, personal communication). 

Despite its lack of well-defined lymphoid microarchitecture, the teleost spleen 

does support adaptive immune responses. Expression of AID has been observed 

exclusively in the spleen, in the context of an adaptive immune response (Saunders 

2010), suggesting that the spleen does afford the fish a locale for Ag/lymphocyte 

concentration and the promotion of adaptive humoral immunity. Interest in teleost 

immunity is increasing, largely due to a rise in large-scale aquaculture – our knowledge 

and understanding of the teleost spleen will likely grow in the coming years. 

 

Dendritic/Antigen Presenting Cells in Bony Fish 

Despite the lack of information regarding the teleost WP, some of the most 

definitive recent work on DC evolution has been performed in teleost fish (common 

ancestor with humans ~400 MYA), particularly in the zebrafish. Employing a cell sorting 

method based on a combination of a light scatter profile characteristic of 

myelomonocytes and binding of peanut agglutinin (PNA), a lectin which binds Gal-β(1-

3)-GalNAc, a carbohydrate moiety displayed after cleavage of sialic acid from the 

complex glycan. DC, among other leukocytes such as CD4/CD8 double-positive 

thymocytes and germinal centre B-cells, are PNA-positive. Traver and colleagues 

(Bassity 2012) isolated PNA-positive cells from zebrafish whole kidney marrow 

(WKM), and demonstrated that these cells are bona fide DC by cellular morphology, 
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expression/upregulation of DC-associated transcipts (e.g. IL-12, MHC Class II invariant 

chain), and induction of antigen-specific T cell proliferation. Further, they showed that 

these cells are present in peritoneal cavity, spleen, gut, thymus, and skin, though not in 

brain or liver (Wittamer 2011), demonstrating that the zebrafish possesses not only cells 

with the phenotypic and functional characteristics of conventional DC, but also a tissue 

distribution pattern of these cells to some extent resembling that found in mammals. A 

similar population of cDC-like cells has been identified in the Atlantic salmon (Salmo 

salar) (Horton 1974). While these data do not formally identify a DC lineage distinct 

from that of macrophages, they do demonstrate a phenotypic and functional 

specialization strongly suggestive of canonical DC in teleost fish. No FDC-like cell type, 

however, has been described. 

 

Amphibians 

Primary Lymphoid Organs and Lymphopoiesis in Xenopus 

 In the adult African clawed frog (Xenopus laevis), primary lymphopoiesis occurs 

in the bone marrow and thymus. The genomic organization of Ig loci in Xenpous is 

comparable to that of mammals – multiple V, D, and J segments in are encoded in 

translocon organization, upstream of IgM and IgD constant regions, with additional 

isotype regions downstream. The additional isotypes are IgX (an IgA homologue), IgY 

(an IgG homologue, also the first to appear in the evolution of adaptive humoral 

immunity), and IgF, strongly related to IgY (Sun 2013).  
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Humoral Adaptive Immunity in Amphibians 

 Amphibians represent an inflection point in the evolution of humoral adaptive 

immunity – they are the first class of vertebrates in which canonical CSR, characterized 

by the activation-induced cytidine deaminase (AID)-mediated recombination of the 

rearranged primary isotpye to a downstream (non-IgM) constant region occurs (reviewed 

in Du Pasquier 2000). As in mammals, this rearrangement is guided by switch box 

regions downstream of the rearranged V region and upstream of the target C region 

(Mussmann 1997). Additionally, CSR in Xenopus can be either T cell-independent, in 

the case of switch from IgM to IgX, or T cell-dependent, in the case of switch from IgM 

to IgY – serum IgY is undetectable in thymectomized (and therefore T cell-deficient) 

animals (Mussmann 1996). Despite the presence of canonical CSR, GC do not form in 

the spleen of Xenopus (Du Pasquier 2000). The absence of GC is reflected in the limited 

extent of affinity maturation observed in class-switched B cell-derived Ig; increases in 

affinity after SHM in Xenopus range between 10- and 100-fold for a hapten-specific 

response, compared to 1000-fold or more in mammals. Moreover, bona fide FDC have 

not been identified in the Xenopus WP, though a population of cells with an apparent 

capacity to present native Ag to B cells has been described (see below).  

 

Splenic White Pulp Ontogeny and Microarchitecture in Xenopus 

 The splenic anlage in the African clawed frog Xenopus laevis is first evident at 

developmental stage 45 (Manning 1969) (see Figure 1-6 for an overview of the 

developmental stages of Xenopus). The spleen itself, as a discrete organ, appears by stage 

47, with large immature lymphoblasts at the center of the spleen and a small number of  
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Figure 1-6:  Developmental progression of Xenopus.  Adapted from Du Pasquier 
2000. 
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erythrocytes peripheral – the relative positioning of erythrocytes and lymphoblasts 

suggests that WP/RP segregation could begin as early as the spleen is populated by 

hematopoietic lineage cells. Late in developmental stage 50, small, mature lymphocytes 

aggregate at the center of the spleen, with a detectable Grenzschichtmembran of Sterba 

(GS) surrounding them; the GS becomes more apparent by stage 51. The spleen 

continues to grow “with branching of the central white pulp until 3-5 white pulp areas are 

seen” (Manning 1969) until metamorphosis, at which point nearly all splenic cellularity 

is lost, to be regained during the growth of the frog. The mechanism regulating cell 

egress from the tadpole spleen, as well as the mechanism that reestablishes the adult 

animal’s splenic lymphocyte compartment, are unknown. 

The WP of the mature, quiescent, adult Xenopus spleen is composed of a central 

arteriole, surrounded by B cells, and bounded by a “double layer of elongated cells,” the 

Grenzschichtmembran of Sterba (GS) (Manning 1969). Few T cells are present within 

the GS-bounded WP; rather, they surround individual WP in a corona (Figure 1-7). In 

the quiescent spleen, a single, morphologically homogeneous population of DC/APC has 

been described, and termed “XL cells” (Baldwin 1981). 

 

Dendritic/Antigen Presenting Cells and Antigen Transport in Xenopus 

Xenopus XL cells have the morphological characteristics of dendritic cells: 

abundant cytoplasm, dendritic processes, and large, multi-lobed nuclei. They are also 

mitotically active, and have been suggested to be capable of migrating into the WP 

during acute immune responses (Baldwin 1981). The trafficking of Ag into the WP of 

the Xenopus spleen is a thymus-dependent event (Horton 1974). In wild-type,  
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Figure 1-7:  B and T zone segregation in the mature Xenopus WP.  (Upper panel) B 
cell follicle, stained with anti-IgM mAb. Note the complete absence of staining at the 
perimeter of the contracted follicle, likely the GS. (Lower panel) Perifollicular T cell 
zone, stained with anti-CD8 mAb. 
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unmanipulated animals, immunization with human IgG (HgG) results in a localization of 

the Ag at the internal perimeter of the WP, positioned similarly to the XL cells. This has 

led to the speculation that XL cells are involved in the trafficking of Ag into the WP 

(Baldwin 1981), supported by the observation that XL cells are capable of “trapping” Ag 

at their plasma membrane (Baldwin 1983). Surprisingly, thymectomized animals, on the 

other hand, show no localization of immunogen into the WP, and indeed little, if any, 

immunogen localization to the spleen at all (Horton 1974, and our unpublished 

observations). 

Outside the spleen, DC (as defined by morphology and MHC Class II expression) 

have been identified in both the thymus and skin (Du Pasquier, 1990 and Turpen 1986) 

Furthermore, cells in the skin with classical dendritic morphology and expressing both 

vimentin and langerin have been identified, suggesting that the specialization of cells 

analogous to Langerhans cells occurred at the latest in the amphibians (Mescher 2007 

and Du Pasquier 1990). 

 

Reptiles 

The Reptilian WP 

The reptilian spleen is segregated into RP and WP. The WP is further segregated, 

in some but not all reptiles, into two discrete areas: a PALS, as well as a peri-ellipsoid 

lymphoid sheath (PELS) at the periphery of the PALS where splenic arterioles terminate 

into the splenic cords. The presence of both a PALS and PELS is not observed in all 

reptiles, however – variations of splenic microarchitecture among reptilian species have 

been described (Leceta 1991). 
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The microarchitecture of the reptilian PELS is somewhat similar to the amphibian 

WP, in that the more central cells are surface Ig+ cells B cells, with Ig- lymphocytes, 

presumably T cells, peripheral (Leceta 1991). In contrast, lymphocyte compartment of 

the reptilian PALS is presumed to be dominated by T cells: the PALS cells are negative 

for surface Ig (Leceta 1991), the cellularity of the PALS is substantially reduced upon 

adult thymectomy or treatment with anti-thymocyte antiserum (Pitchappan 1977), and a 

less pronounced loss in cellularity is observed after adult thymic involution (Borysenko 

1972). As such, the reptilian PELS is more similar to the mammalian WP. 

Like in fish and amphibians, GC have not been observed in the reptilian spleen 

(Leceta 1991). However, the reptilian spleen has not been studied as extensively as that 

of either amphibians or birds; further analysis, particularly in the context of acute 

immune responses, is therefore warranted. 

 

Dendritic/Antigen Presenting Cells in Reptiles 

The white pulp of the snake Python reticulatus contains “a framework of 

irregularly shaped, ramifying reticulum cells, forming a network wherein the lymphoid 

elements [are] localized” (Kroese 1985). Further, these cells display long processes 

which are in close contact with collagen fibers, reminiscent of the mammalian FRC and 

their associated framework. Two additional non-lymphoid cell types were observed in the 

WP of the snake: highly phagocytic macrophages, and antigen-trapping DC (which were 

also capable of, to a lesser extent than macrophages, internalization of Ag). The latter 

population of DC showed a localization pattern similar to that of the Xenopus XL cells. 
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This similarity to XL cells, rather than canonical FDC, argues toward a lack of canonical 

(if any) GC. 

 

Birds 

The Avian Spleen 

Within the WP of the chicken spleen, cells with the canonical morphology, 

surface phenotype, and function of mammalian FDC have been identified. These chicken 

FDC are stellate, express VCAM-1 and ICAM-1 (among other cellular adhesion 

molecules), stain as positive for surface immunoglobulin (IgM and IgG/Y), and have a 

demonstrated capacity to stimulate both B cell proliferation and CSR to IgG/Y without 

the ability to stimulate T cell proliferation (Del Cacho 2009) The lineage of these cells is 

controversial; conflicting reports regarding their expression of both CD45 and MHC 

Class II (positivity of each indicating a hematopoietic lineage) have been published. 

Regardless of the lineage of the chicken FDC, the microarchitecture of the chicken WP, 

like that of the reptile WP, is remarkably similar to that of mammals. In addition, GC, 

which in mammals are FDC-dependent, also form in the chicken spleen. The 

microarchitectural organization of the chicken WP, along with the presence of GC, are 

surprising, given that the chicken genome has lost TNF-α, LT-α, and LT-β (Magor 

2013) all of which are necessary for the establishment and maintenance of mammalian 

WP and GC (see Chapter 7). 
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Avian Dendritic Cells 

Outside of mammals, cDC subpopulations and lineages have been most 

extensively investigated in birds (common ancestor with humans ~200 MYA), 

particularly in the chicken Gallus gallus. Indeed, multiple subtypes of DC (in multiple 

anatomical locations) have been identified and characterized in the chicken (Olah 2013). 

Langerhans cells in the esophagus and skin, identified by their cellular morphology, 

positioning within the epidermis, and expression of vimentin and MHC Class II, have 

been shown to migrate from the epidermis to the dermal lymphoid nodules in response to 

hapten exposure. In the spleen, both ellipsoid-associated cells (similar to the cells 

described in the ellipsoid of the reptilian spleen) and their progeny, CD83-expressing 

interdigitating DC, are found in intimate contact with WP lymphocytes. In the bursa of 

Fabricius, bursal secretory DC are found. Each of these populations is CD45+, derived 

from hematopoietic precursors. 

Both the splenic microarchitecture (particularly with respect to the presence of 

GC) and the DC constituency in birds are enigmatic, given the absence of TNFSF 

members from the avian genome. Possible origins of these characteristics and cells, as 

well as future studies to address the questions they raise, are discussed in Chapter 7. 

 

Specific Aims 

 Secondary lymphoid organs are indispensable for the efficient function of an 

adaptive immune system based on randomly rearranging antigen receptors and the 

production of antigen-specific lymphocytes at a necessarily low precursor frequency. The 

spleen is the primordial SLO, and arose in evolution concurrently with Ig/TCR:pMHC-
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based adaptive immunity. Despite the spleen’s central role in both the function and the 

evolution of the adaptive immune system, the initiating events in the ontogeny of the 

spleen’s lymphoid architecture, the WP, remain unknown (Figure 1-8). Furthermore, the 

evolutionary steps leading to the complexity of the mammalian WP have been poorly 

characterized. 

For Aim 1, we hypothesized that B-1a lineage cells would initiate splenic WP 

ontogeny in the mouse, based on their prevalence at the developmental time frame during 

which WP ontogeny has been demonstrated to begin. Further, we hypothesized CXCL13 

to be the initiating component of the LTα1β2:CXCL13 positive feedback loop necessary 

for WP ontogeny and maintenance, based on a previous study that demonstrated a lack of 

B cell-expressed LTα1β2 until P2 (Vondenhoff 2008). To address these hypotheses, we 

analyzed expression of both LTα1β2 (by flow cytometry) and CXCL13 (by IHC) protein, 

and found that CXCL13 expression and production preceded that of LTα1β2, 

demonstrating that CXCL13 is the initiating component of the feedback loop. Further, we 

demonstrated that transitional B cells initiated WP ontogeny upon acquisition of 

chemotactic responsiveness to CXCL13; this acquisition of CXCL13 responsiveness 

appears to occur as early transitional B cells (T1) mature into late transitional B cells 

(T2). 

Our hypothesis for Aim 2 was that a single lineage of conventional, 

hematopoietic DC exists in the Xenopus spleen, and performs “double duty,” presenting 

both peptide:MHC Ag to T cells and native, surface-associated Ag to B cells. To this end, 

we established a means of identifying and isolating XL cells from Xenopus spleen in the 

context of an acute immune response. We were able to demonstrate the thymus- 
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Figure 1-8: Evolutionary conservation of WP ontogeny and microarchitecture. 
Extant data on the initiation of WP ontogeny as well as mature WP architecture in 
mammals, amphibians, and cartilaginous fish. 
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dependent surface acquisition of immunogen by XL cells, and a repositioning of 

immunogen-bearing XL cells to the internal perimeter of the WP within 7 days of 

immunization, as well as an immigration of T cells into the WP, creating a physical 

interface among B, T, and XL cells. We were also able to flow sort the immunogen-

bearing XL cells, and demonstrate their expression of MHC Class II and PU.1 (formally 

demonstrating their hematopoietic lineage), CXCL13 and BAFF (demonstrating an 

ability to both recruit and promote the survival of B cells), and CCL19 (demonstrating an 

ability to recruit T cells). XL cell expression of CXCL13, BAFF, and CCL19 was 

confirmed by ISH. These data verify our hypothesis that the DC in the Xenopus spleen 

are indeed of a single, hematopoietic lineage, and strongly suggest that they do, in fact, 

perform “double duty.” Experiments to formally establish a functional interaction 

between XL cells and B cells, as well as between XL cells and T cells, are ongoing. 

 Our goal with Aim 3 was to determine the level of evolutionary conservation in 

the cellular and molecular events in WP ontogeny. Specifically, we hypothesized (1) that 

perivascular B cell aggregation marks the onset of WP ontogeny in amphibians, as it does 

in the nurse shark and in mammals, (2) that perivascular B cell recruitment would be 

mediated by CXCL13, produced by perivascular cells in the nurse shark, frog, and 

mouse, and (3) that the nurse shark WP, like that of the amphibian Xenopus, would 

consist of a perivascular B cell follicle with T cells peripheral, implying that the 

replacement of the B cell follicle at the vasculature is a more recently evolved 

characteristic of the splenic WP while the perivascular retention of the B cell follicle is 

the ancestral WP configuration. We were able to show by IHC that B cells do indeed 

initiate WP ontogeny in Xenopus, and by ISH that the B cell follicle in the adult nurse 
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shark spleen is retained at the vasculature. Our analysis of CXCL13 expression in the 

developing Xenopus spleen is ongoing. In the nurse shark, we have identified four 

candidate CXCL13 genes, and are currently endeavoring to establish which is/are bona 

fide orthologs of mammalian CXCL13 so that analysis of expression both during 

development and in the mature, adult WP can be conducted in the future.  
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Chapter 2: Materials and Methods 

 
Mice 

Adult female (12-16 weeks) and timed-pregnant C57Bl/6J mice were purchased from 

The Jackson Laboratory, for arrival in our facility at E5 (NB: Timed pregnant mice 

arriving at E11 did not reproducibly give birth at E19.5, as would be predicted for B6 

mice). Mice were housed under specific pathogen-free conditions at the University of 

Maryland until indicated developmental time points. All animal experiments were 

conducted under the guidelines and approval of the Institutional Animal Care and Use 

Committee. Spleens from TNFa-/- embryos and pups (C57Bl/6 background) were 

generously provided by Giorgio Trinchieri (NIH), and spleens from RAG2-/- embryos and 

pups (C57Bl/6 background) were generously provided by Kyle Wilson (UMB). 

 

Frogs 

Wild-type, outbred Xenopus laevis were bred in house under specific pathogen-free 

conditions or purchased from Xenopus Express, and housed at the University of 

Maryland. Larval developmental time points (from animals bred in-house) were 

determined by gross morphology. Adult, thymectomized J strain Xenopus laevis, as well 

as mock-surgery controls, were generously provided by M. Criscitiello (Texas A&M), 

and additional adult J strain animals were generously provided by Jacques Robert 

(Rochester).  
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Immunizations 

Adult Xenopus were immunized intraperitoneally with 100ul total volume containing 

50ug biotinylated hen egg lysozyme, human IgG, or r-Phycoerythrin (PE) (each 

suspended in 50uL total volume amphibian PBS (aPBS)) emulsified in 50uL incomplete 

Freund’s adjuvant. Immunized animals were housed at 27C for 9 days post-

immunization.  

 

Immunohistochemistry (IHC) 

Spleens were excised, immediately frozen in Tissue-Tek OCT Compound (Sakura) and 

stored at -80C prior to sectioning at 6uM on a CM3050S microtome (Leica). Sections 

were allowed to dry for 5 minutes, then fixed for 30 seconds in ice-cold acetone, and 

stored at -80C until staining. Thawed sections were blocked in 5% non-fat milk (mouse) 

or 10% heat-inactivated horse serum (frog) in PBS-T, and stained for 1hr. at 4C with 

indicated antibody, then stained for 1hr. at 4C with secondary antibody, when applicable. 

(see Table 2-2 for antibodies). Immunostained sections were analyzed on an Eclipse 

E800 microscope (Nikon) using a Spot RT3 camera (Diagnostic Instruments), and 

analyzed with Spot Advanced software. Images were adjusted for brightness and contrast 

using Adobe Photoshop Elements (Adobe Systems Inc.). 

 

Flow Cytometry 

(Mouse) Single cell suspensions were prepared from pooled embryonic or neonatal 

spleens (3-5 spleens per sample) or adult spleen by mechanical dissociation in PBS + 2% 

FCS + 0.1% NaN3. Blood was collected from embryos/pups by decapitation and 
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collection of blood in PBS + 200U/mL Heparin (Sigma). Erythrocytes were lysed in 

ACK Lysis Buffer (Gibco, Life Tecnhologies). (Frog) Single cell suspensions of 

splenocytes were prepared by mechanical dissociation of spleen in aPBS + 2% FCS + 

0.1% NaN3. Blood was collected by cardiac bleed, into aPBS + 100 U/mL heparin. 

Peritoneal cells were harvested by lavage in aPBS + 0.1% NaN3. Cells were stained with 

indicated antibody (see Table 2-2) on ice in PBS/aPBS (as appropriate) + 2% FCS + 

0.1% NaN3, and acquired in PBS/aPBS + 0.1% NaN3 on an LSRII flow cytometer with 

FACS Diva software (BD Biosciences), and analyzed with FlowJo software (Tree Star). 

 

Flow Cytometry Cell Sorting 

Single cell suspensions of Xenopus spleen were prepared and stained as above, then 

sorted on a FACS Aria II cell sorter (BD Biosciences) on 100µm nozzle at 20psi sheath 

pressure and collected in aPBS + 2% FCS + NaN3. 

 

Magnetic Bead Cell Sorting 

PerC cells were harvested by lavage with MACS buffer (aPBS + 0.5% BSA) and washed 

1X in same. Cells were then stained with mAb 11D5 α-IgY for 30 minutes on ice. Cells 

were then washed 3X in MACS buffer and subjected to a single round of magnetic 

separation (positive selection) over a magnetic column (LS, Miltenyi). Both flow-through 

(11D5-) and positively selected (11D5+) fractions were saved for FACS analysis (above) 

and RNA extraction (below). 
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In situ Hybridization (ISH) 

Spleens were excised and fixed O/N in 4% PFA at 4C, equilibrated in 30% sucrose, and 

frozen in Tissue-Tek OCT Compound (Sakura), then sectioned at 6uM on a CM3050S 

microtome (Leica).  In situ hybridization (ISH) was performed as previously described 

(Criscitiello 2010). For standard chromogenic ISH, DIG-labeled probes were detected 

with anti-DIG_Alkaline Phosphatase (AP) and nitro-blue tetrazolium/5-bromo-4-chloro-

3’-indolyphosphate (NBT/BCIP) substrate. Xenopus CXCL13 experiments were detected 

using the Tyramide Signal Amplification (TSA) Plus Biotin system (Perkin Elmer), using 

streptavidin_AP and NBT/BCIP. 

 

Migration Assay 

Single cells suspensions from pooled E18.5 or P0.5 spleens (3-5 per sample) or adult 

spleen were prepared by mechanical dissociation in RPMI + 10% FCS, Pen/Strep, 

Sodium Pyruvate, L-Glutamine, and 2-mercaptoethanol. Erythrocytes were lysed by 

hypotonic shock. Adult blood was collected in PBS + 100U/mL heparin. Leukocytes 

were isolated over Lymphocyte Separation Medium (Corning) and suspended in RPMI + 

10% FCS, Pen/Strep, Sodium Pyruvate, L-Glutamine, and 2-mercaptoethanol. 1 million 

cells per well were loaded into the upper chamber of a Transwell insert (5uM 

polycarbonate membrane, 6.5mm insert diameter) (Costar), and either 1ug/mL 

recombinant CXCL13 or 100ng/mL recombinant CXCL12 (R&D Systems) was added to 

the lower chamber. Cells were incubated 8 hours for CXCL13, 4 hours for CXCL12 at 

37C, 5% CO2. Cells in the lower chamber were then counted, stained (as above, see 

Table 2-2), and analyzed by flow cytometry (as above). 
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Calcium Mobilization Assay 

Single cell suspensions from pooled E18.5 or P0.5 spleens (3-5 per sample) or adult 

spleen were prepared by mechanical dissociation in RPMI + 10% FCS, Pen/Strep, 

Sodium Pyruvate, L-Glutamine, and 2-mercaptoethanol. Erythrocytes were lysed by 

hypotonic shock. 1 million cells per sample were loaded with Fluo-5F_AM (Life 

Technologies) and incubated at 37C, 5% CO2 for 15 minutes. Antibody was added to 

each sample (Table 2-2) and samples were incubated an additional 15 minutes at 37C, 

5% CO2. Cells were analyzed for 30 seconds on an LSRII flow cytometer using FACS 

Diva software (BD Biosciences) prior to addition of 1ug/mL recombinant CXCL13 

(R&D Systems), then analyzed for an additional 2 minutes. Data were analyzed using 

FlowJo software (Tree Star). 

 

ELISA 

96-well plates were coated with 0.3ug/well PE (in 100uL PBS) overnight at 4C, then 

washed 3X in PBS and blocked with 200uL/well 2% (w/v) casein in PBS, overnight at 

4C. Plates were then washed 3X in PBS, and serum was added, in 3-fold dilutions from a 

starting dultion of 1:20 in PBS. Plates were incubated for 1 hour at RT, then washed 3X 

in PBS-T. Secondary antibody (goat anti-mouse_HRP) was applied for 1 hour at RT, then 

plates were washed 3X in PBS-T. Plates were then detected with 50uL/well detection 

buffer and substrate (10mL 0.05M citric phosphate buffer + 2.5uL 30%H2O2 + 1 tablet 

3,3’,5,5’-tetramethylbenzene dihidrochloride, Sigma). Reaction was stopped with 

25uL/well 1M H2SO4 and plates were read at 450nm using a VersaMax plate reader 

(Molecular Devices). 
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RNA Extraction and cDNA Synthesis 

Xenopus tissues were excised, diced, and immediately placed into 1mL TRIzol (Thermo). 

Tissues in TRIzol were then homogenized by bead beating. FACS-sorted cells were 

pelleted and resuspended in 1mL TRIzol, then vigorously vortexed. The TRIzol 

suspensions were stored at -80C until RNA extraction, which was performed using the 

DIRECTzol kit (Zymo). RNA samples were then analyzed for quality using an Experion 

bioanalyzer (BioRad) using high sensitivity chips, and stored at -80C until reverse-

transcribed using the SuperScript III RT kit (Invitrogen), primed by random hexamers. 

All as per manufacturer’s instructions. 

 

Quantitative PCR 

Real-time quantitative PCR was performed on cDNA using the KiCqStart SYBR-Green 

Ready-Mix kit (Sigma, as per manufacturer’s instructions) on a 7500 Fast DX Real-Time 

PCR Instrument (Applied Biosystems). See Table 2-1 for primer pairs used. 

 

 

Multiple Sequence Alignments and Phylogenetic Analyses 

Multiple sequence alignments were performed using the MAFFT algorithm, and 

unreliable alignment regions were detected and removed using the GUIDANCE2 

algorithm (Sela 2015). Phylogenetic analysis was performed using IQ-TREE (Nguyen 

2015), and graphical representations were constructed in FigTree (U. of Edinburgh). 
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Statistical analysis 

Statistical analyses were performed using Prism 6.0 (GraphPad Software). 
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Target  FP Oligo (5’-3’)   RP Oligo (5’-3’)    
 
 
Mouse             
  
CXCL13 AGGTTGAACTCCACCTCCAG GGTGCAGGTGTGTCTTTTG 
PDGFRb CCTCAAAAGTAGGTGTCCACG CAGGTTGACCACGTTCAGGT 
 
 
Frog             
 
CXCL13 ATTGCTGTGCTGTCTGTCAT TGAGGCGTTGCAGCCATAC 
BAFF  GTGCTGAAAGCAGAACTGGC TCATCACCCACTTTCTGGGC 
PIGR2  CGTGGGACCTAGACAAGTCAC TGAATGACACAGTGGGCTCT 
CCL19  TCTGCAAATGCCCCTCATCT GTCTGTACCCAGGGCTCAC 
 
 
Shark             
 
Pax5  ATGGAAATCCACTGTAAGC CTCCCAGGCGAACATGGTTG 
 
 
Table 2-1: Primer pairs used for the amplification of ISH probes. 
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Antigen  Clone   Company   
 
 
Mouse          
 
IgM   R6-60.2  BD 
CD19   1D3   BD 
CD23   B3B4   Cell Laboratories 
SMA   1A4   Sigma 
CXCL13  (polyclonal)  R&D Systems 
CXCR5  2G8   BD 
CD93   AA4.1   BD 
CD9   KMC8   BD 
CD5   53-7.3   BD 
 
 
Frog          
 
IgM   10A9   (in house) 
CD3   (polyclonal)  Dako 
MHC Class II  AM20   (in house) 
CD5   2B1   (in house) 
Igκ   409B8   (in house) 
IgX   4110B3  (in house) 
IgY   11D5   (in house) 
 
 
Other          
 
Phalloidin     Life Technologies 
anti-FLAG  M2   Sigma 
 
 
Table 2-2:  Antibodies used in reported experiments. 
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Chapter 3: CXCL13 responsiveness but not CXCR5 expression by late transitional 

B cells initiates splenic white pulp formation1 

 

Abstract 

Secondary lymphoid organs (SLO) provide the structural framework for co-

concentration of antigen and antigen-specific lymphocytes required for an efficient 

adaptive immune system. The spleen is the primordial SLO, and evolved concurrently 

with Ig/TCR:pMHC-based adaptive immunity. The earliest cellular/histological event in 

the ontogeny of the spleen’s lymphoid architecture, the white pulp (WP), is the 

accumulation of B cells around splenic vasculature, an evolutionarily conserved feature 

since the spleen’s emergence in early jawed vertebrates such as sharks. In mammals, B 

cells are indispensable for both formation and maintenance of SLO microarchitecture; 

their expression of lymphotoxin α1β2 (LTα1β2) is required for the LTα1β2:CXCL13 

positive feedback loop without which SLO cannot properly form. Despite the spleen’s 

central role in the evolution of adaptive immunity, neither the initiating event nor the B 

cell subset necessary for WP formation has been identified. We therefore sought to 

identify both in the mouse. We detected CXCL13 protein in late embryonic splenic 

vasculature, prior to LTα1β2 and and independent of TNFα- and RAG-2. A substantial 

influx of CXCR5+ transitional B cells into the spleen occurred 18 hours before birth. 

However, these late embryonic B cells were unresponsive to CXCL13 (though responsive 

to CXCL12) and phenotypically indistinguishable from blood-derived B cells. Only after  

 

1 Adapted from H. Neely and M. Flajnik, J. Immunol. 2105 



	 47	

birth did B cells acquire CXCL13 responsiveness, accumulate around splenic vasculature, 

and establish the uniquely splenic B cell compartment, enriched for CXCL13-responsive 

late transitional cells. Thus, CXCL13 is the initiating component of the 

CXCL13:LTα1β2 positive feedback loop required for WP ontogeny, and CXCL13-

responsive late transitional B cells are the initiating subset. 

 

Introduction 

The spleen is the primordial secondary lymphoid organ, which evolved 

concurrently with Ig/TCR:pMHC-based adaptive immunity (Boehm 2012). It provides 

the structural framework necessary for the co-concentration of antigen and antigen 

specific lymphocytes required for an efficient adaptive immune system (Hofmann 2010). 

The spleen is unique among secondary lymphoid organs in its functional and histological 

segregation into two discrete areas: the red pulp (RP) and the white pulp (WP) (Mebius 

2005). The RP is tasked with filtration of the blood, including removal of effete 

erythrocytes and free heme for iron recycling, as well as bacterial capture and clearance; 

the WP is the spleen’s lymphoid component. The early events in the ontogeny of the 

splenic WP are conserved since the appearance of the spleen itself in early jawed 

vertebrates approximately 500 million years ago (MYA); B cell accumulation around 

splenic vasculature marks the onset of WP ontogeny in the neonatal nurse shark 

Ginglymostoma cirratum (Rumfelt 2002). In the spleen of the adult nurse shark, B cells 

remain vasculature-associated, with T cells peripheral to the follicle (unpublished). This 

is also the case in the adult African clawed frog Xenopus laevis, which shared a common 

ancestor with humans approximately 350MYA (Du Pasquier 2000). 
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In the mouse, the WP comprises a central arteriole, a periarteriolar lymphoid 

sheath (PALS) of T cells (the T cell zone), one or more adjacent B cell follicles, and a 

surrounding marginal zone populated by a specific subset of B cells and two distinct 

populations of macrophages (Mebius 2005, den Haan 2012). While the 

microarchitecture of the mature mammalian splenic WP does not retain the early 

developmental features like in cold-blooded vertebrates, mouse WP ontogeny also begins 

with the accumulation of B cells around splenic vasculature within 48 hours after birth 

and their subsequent contraction into a nascent follicle (Vondenhoff 2008). This is 

followed by an accumulation of T cells around the splenic vasculature central to the 

nascent follicle and the appearance of the marginal zone within 96 hours of birth, and 

ultimately the displacement of the B cell follicle from the vasculature by the PALS. 

The microarchitecture of both the mouse B cell follicle and the WP as a whole are 

dependent upon a positive feedback loop in which B cell-derived lymphotoxin (LT) α1β2 

promotes CXCL13 production by follicular dendritic cells (FDC) via the LTβR. 

CXCL13, in turn, induces LTα1β2 expression on B cells via CXCR5 (Ansel 2000). This 

CXCL13/LTα1β2 positive feedback loop is also necessary for proper T cell zone (Ngo 

2001) and MZ establishment (Nolte 2004). Lymphoid tissue inducer (LTi) cells are also a 

significant source of LTα1β2, and while they are necessary for the formation of lymph 

nodes and Peyer’s Patches, LTi cells are dispensable for establishment of the splenic WP 

(Sun 2000, Zhang 2003). In addition to LTα1β2, B cell-derived TNFα is required for 

both WP microarchitecture and maintenance of FDC networks within the follicle 

(Pasparakis 1996, Endres 1999, Wang 2001), though the precise role and timing of 

TNFα are yet to be elucidated (Tumanov 2010, Milicevic 2011). Genetic ablation of any 
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member of this pathway results in an inability of the WP to form properly (Tumanov 

2003, Matsumoto 1997), though it has recently been reported that in the absence of 

LTα1β2, overexpressed TNFα alone is sufficient to promote WP ontogeny and 

microarchitecture (Furtado 2013)), and disruption of this pathway results in a loss of 

established WP integrity (Ruddle 2009, van de Pavert 2010). 

Dramatic changes in B lymphopoiesis occur at birth, in parallel with the onset of 

WP ontogeny. The primary site of B lymphopoiesis shifts from the fetal liver, which, 

along with the yolk sac and paraaortic splanchnopleura, preferentially produces B-1 B 

cells, to the bone marrow, which preferentially produces conventional (B-2) B cells 

(Montecino-Rodriguez 2012). As B cells, because of their ability to express LTα1β2 in 

response to CXCL13 stimulation, are indispensable for the formation and maintenance of 

the WP, a fundamental question arises: which lineage and/or subset of B cells is 

responsible for the initiation of WP ontogeny?  Here, we seek to identify the B cell subset 

that seeds the splenic WP, as well as the initiating member of the CXCL13/LTα1β2 

positive feedback loop required for the WP’s ontogeny and maintenance. We also 

synthesize recent and long-standing data into a coherent and progressive model for the 

early events in the ontogeny of the mammalian splenic WP. 

Results 

Cellular/histological onset of WP ontogeny after birth 

In order to precisely determine the timing of the cellular/histological onset of 

white pulp (WP) ontogeny, we analyzed splenocytes and splenic cryosections from E17.5 

through P0.5 C57Bl/6J mice (partum E19.25). At all time points analyzed, two distinct 

populations of CD19+ B lineage cells were detected by FACS: an IgM- population 
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consisting of CD43+ IgD- (not shown) pro-/pre-B cells, and an IgM+ population (Figure 

3-1A); all subsequent analyses focus exclusively on the latter population of IgM+ B cells.  

Between E17.5 and E18.5, splenic B cell numbers increased approximately 10-fold 

(Figure 3-1B), then remained relatively constant between E18.5 and P0.5. This increase 

in splenic IgM+ B cells was accompanied by a reduction in the proportion of IgM+ B cells 

in the liver (not shown). 

At E17.5, the spleen consists entirely of red pulp, throughout which the few B 

cells detected were scattered randomly (Figure 3-1C). After the influx of B cells at 

E18.5, the cells remained randomly distributed throughout the spleen (Figure 3-1C). 

Though B cell numbers did not increase significantly between E18.5 and P0.5 (Figure 3-

1B), by the early neonatal time point the majority of splenic B cells had aggregated 

around the splenic vasculature.  As such, aggregation of B cells around the splenic 

vasculature at P0.5 marks the cellular/histological onset of WP ontogeny. 

Perivascular CXCL13 expression precedes perivascular B cell aggregation 

B cell homing to and retention in lymphoid follicles is dependent upon the 

chemokine CXCL13 and its B cell-expressed receptor, CXCR5 (Forster 1996). While 

CXCL13 mRNA has been detected in extracts from whole embryonic spleen 

(Vondenhoff 2008), CXCL13 protein production has not been previously observed. As 

perivascular B cell aggregation did not occur until birth, we predicted that CXCL13 

protein would be undetectable until birth. However, CXCL13 protein was detectable 

around the splenic vasculature as early as E17.5 (Figure 3-2A). To determine whether 

the perivascular CXCL13 protein was produced locally by perivascular cells or had 

accumulated in the perivascular extracellular matrix after production elsewhere, we  
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Figure 3-1:  B cell population dynamics in the perinatal spleen.  (A) FACS analysis of 
perinatal splenocytes to show relative proportions of CD19+IgM- pro-/pre-B cells and 
CD19+IgM+ B cells (boxed in grey), gated on all cells. Data are representative of at least 
3 independent experiments. (B) IgM+ B cells recovered per spleen at indicated 
developmental time points, n=5 at each time point. (C) IHC analysis of 6µM sections of 
perinatal (E17.5 – P1.5) spleens showing relative positioning of IgM+ B cells (red) and 
vasculature, stained with smooth muscle actin (SMA, white). 100X magnification, data 
are representative of at least 3 independent experiments. 
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Figure 3-2:  CXCL13 expression by pre-FDC in the late embryonic spleen. (A) IHC 
analysis of 6uM sections of perinatal (E17.5 – P1.5) spleens stained with anti-CXCL13 
(red) and anti-smooth muscle actin (white) (upper panel), or isotype control (red) and 
anti-smooth muscle actin (white) (lower panel). 200X magnification, data are 
representative of at least 3 independent experiments. (B) In situ hybridization (100X 
magnification) analysis of CXCL13 expression, 6uM section of E18.5 spleen. Middle 
panels (200X magnification) showing both perivascular (arrow) and subcapsular 
(asterisk) expression of CXCL13. CXCL13-Sense probe control is shown in the bottom 
panel.  (C) In situ hybridization (400X magnification) analysis of CXCL13 (upper 
panels) and PDGFRb (lower panels) expression in serial 6uM cryosections from E18.5 
spleen. Sense control probes shown to the right; data are representative of 3 independent 
experiments. 
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analyzed E18.5 splenic sections by ISH and detected CXCL13 mRNA-expressing cells at 

the splenic vasculature (Figure 3-2B). Interestingly, we also observed CXCL13 mRNA-

expressing cells in the subcapsular region of several (3 out of 7) spleens. However, 

subcapsular CXCL13 protein was not readily detectable by IHC (due to high fluorescent 

background at the tissue edges). We are currently endeavoring to identify these cells and 

determine their ability to produce CXCL13 protein.  

The precursors of FDC have recently been identified as perivascular mural cells 

that co-express the platelet derived growth factor receptor β (PDGFRβ) and low levels of 

CXCL13 (Krautler 2012). ISH analysis of serial sections from E18.5 spleen revealed 

that the CXCL13-expressing cells coexpressed PDGFRβ, demonstrating that the low 

levels of CXCL13 in the late embryonic spleen are produced by pre-FDC (Figure 3-2C).  

Therefore, expression of both CXCL13 mRNA and protein by perivascular splenic pre-

FDC precede aggregation of B cells around the splenic vasculature.   

Embryonic CXCL13 expression is independent of TNFα and rearranging lymphocytes 

Lymphotoxin (LT) α1β2 and TNFα are both necessary for maximal CXCL13 

production in the splenic WP (Ngo 1999), and both are produced by radiosensitive 

hematopoietic lineage cells (Endres 1999). LTα1β2 is not detectable in the spleen until 

birth (7, and not shown); as we detected CXCL13 mRNA and protein in the late 

embryonic spleen, LTα1β2 is dispensable for the initial induction of CXCL13. To 

determine the role of T/B cells in the initial induction of CXCL13, we analyzed spleens 

from E18.5 through P1.5 RAG-2-/- mice, and detected perivascular CXCL13 protein at all 

time points (Figure 3-3A).  Additionally, we detected perivascular CXCL13 protein in 

TNFα-/- spleens at the same developmental time points (Figure 3-3B). These data  
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Figure 3-3:  TNFα- and T/B cell-independent CXCL13 expression in the perinatal 
spleen.  (A) IHC analysis of 6uM sections of perinatal (E18.5 – P1.5) RAG-2-/- spleens 
stained with anti-CXCL13 (red) and anti-smooth muscle actin (white) (upper panel), or 
isotype control (red) and anti-smooth muscle actin (white) (lower panel). (B)  IHC 
analysis of 6uM sections of perinatal (E18.5 – P1.5) TNFα-/- spleens stained with anti-
CXCL13 (red) and anti-smooth muscle actin (white) (upper panel), or isotype control 
(red) and anti-smooth muscle actin (white) (lower panel). (C)  IHC analysis of 6uM 
sections of perinatal (E18.5 – P1.5) TNFα-/- spleens stained with anti-IgM (red) and anti-
smooth muscle actin (white). 200X magnification, data are representative of 3 
independent experiments.  
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demonstrate that initial induction of CXCL13 expression by splenic perivascular cells 

occurs independently of T and B cells, and of TNFα. However, despite both embryonic 

and neonatal perivascular expression of CXCL13, we observed a 24 hour delay in the 

aggregation of B cells around the splenic vasculature in the TNFα-/- spleens (Figure 3-

3C and compare to Figure 3-1C), demonstrating a functional role for TNFα at the onset 

of WP ontogeny.  

 

Differential responsiveness of E18.5 and P0.5 splenic B cells to CXCL13 

The presence of CXCL13 protein around the late embryonic splenic vasculature 

prior to any localization of B cells to the CXCL13-expressing vasculature suggested a 

differential responsiveness of E18.5 and P0.5 splenic B cells to CXCL13. We therefore 

analyzed the relative levels of surface CXCR5 expression on splenic B cells from E18.5 

and P0.5 mice (Figure 3-4A). Surface CXCR5 levels were indistinguishable between the 

two perinatal time points, though both were significantly lower than those observed on 

adult splenic B cells. We then analyzed the relative abilities of E18.5 and P0.5 splenic B 

cells to mobilize intracellular calcium in response to CXCL13 stimulation (Figure 3-4B), 

and found both populations to be competent to mobilize calcium.  

Next, we analyzed the relative abilities of E18.5 and P0.5 splenic B cells to 

specifically migrate toward CXCL13 by Transwell assay (Figure 3-4C). P0.5 splenic B 

cells migrated at approximately the same frequency as adult splenic B cells. However, 

E18.5 splenic B cells showed a 6.3-fold reduction in the frequency of specific migration, 

despite their surface expression of CXCR5 at levels comparable to those observed on  
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Figure 3-4:  Differential CXCL13 responsiveness in E18.5 and P0.5 splenic B cells.  
(A) Surface CXCR5 expression levels on adult (solid line), P0.5 (dotted line), and E18.5 
(dashed line) IgM+ B cells.  CXCR5- shown in shaded grey. Gated on CD19+ IgM+ 
lymphocytes. Data are representative of 4 independent experiments. (B) Calcium 
mobilization in response to stimulation with 1ug/mL CXCL13.  Chemokine addition 
marked with dotted line. Gated on IgM+ lymphocytes. Data are representative of 3 
independent experiments. (C) Transwell migration assay, showing specific migration of 
CD19+ IgM+ B cells in response to 1ug/mL CXCL13 (versus 1ug/mL BSA as control) 
relative to migration frequency of adult splenic B cells. n=3 for E18, n=9 for P0.  (D) 
Transwell migration assay, showing specific migration of CD19+ IgM+ B cells in 
response to 100ng/mL CXCL12 (versus 100ng/mL BSA as control) relative to migration 
frequency of adult splenic B cells. n=3 for each. 
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P0.5 B cells. To determine whether the E18.5 cells’ chemotactic unresponsiveness is 

restricted to CXCL13 or representative of a general impairment in chemokine-driven 

migration, we repeated the Transwell assay with CXCL12, towards which B cells of all 

developmental time points have been reported to migrate (Bowman 2000). Both the 

E18.5 and P0.5 B cells robustly migrated toward CXCL12 (Figure 3-4D), demonstrating 

that B cells from both developmental time points are capable of chemokine-driven 

migration, and suggesting a functional uncoupling of CXCR5 from the G protein receptor 

kinase (GRK)/arrestin/MAPK signaling cascade driving cellular chemotaxis (Shenoy 

2011). 

 

Initiation of WP ontogeny by CXCL13-responsive late transitional B cells 

In order to identify potential differences among the perinatal splenic B cell 

populations that could explain their differential responsiveness to CXCL13, we further 

analyzed the IgM+ B cells from E17.5, E18.5, and P0.5 spleen. E17.5 splenic B cells were 

exclusively CD9+ CD5lo B-1a cells (Figure 3-5A) (Won 2002, Yang 2007), while both 

the E18.5 and the P0.5 splenic B cells were exclusively AA4.1/CD93+ transitional (T) B 

cells (Figure 3-5B) (Allman 2001, Cancro 2004). At both E18.5 and P0.5, the vast 

majority of cells were CD23- early transitional (T1) B cells, though a small proportion of 

CD23+ late transitional (T2) B cells was also detected, and between E18.5 and P0.5, the 

proportion of CD23+ T2 cells increased slightly but significantly (Figure 3-5C). 

Histologically, both CD23- and CD23+ IgM+ B cells were detected surrounding the 

vasculature in the P0.5 spleen (not shown). 
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Figure 3-5:  Establishment of splenic B cell compartment by neonatal late 
transitional B cells.  (A) Surface phenotypes of E17.5 blood (solid line) and splenic 
(dotted line) B cells. Adult follicular B cells are shown in shaded grey. Gated on CD19+ 
IgM+ B cells. Data are representative of 3 independent experiments. (B) Surface 
phenotypes of E18.5 and P0.5 splenic B cells. Gated on CD19+ IgM+ B cells, 
representative of at least 6 independent experiments. (C) Proportions of CD23+ T2 B cells 
in E18.5 and P0.5 spleen. n=6 for E18, n=8 for P0. (D) Proportions of CD23+ T2 B cells 
before (input) and after (migrated) Transwell migration assay.  (E) Ratios of T1 to T2 B 
cells in spleen versus blood from E18.5 (white) and P0.5 (shaded) animals, n=3 for each. 
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To determine the relative abilities of the P0.5 T1 and T2 B cells to specifically 

migrate in response to CXCL13, we performed a Transwell assay and analyzed input and 

migrated cells for transitional phenotype (Figure 3-5D) We observed a 2.3-fold 

enrichment of CD23+ T2 B cells in the migrated fraction relative to the input, which 

suggests that chemotactic responsiveness to CXCL13 is acquired by B cells during their 

maturation from T1 to T2. 

Lastly, we compared the surface phenotypes of splenic and blood B cells from 

each developmental time point. At E17.5, the spleen and blood B cell compartments both 

exclusively contained CD5+ CD9+ B-1a cells (Figure 3-5A), suggesting that the B cell 

compartment observed in the spleen at this time point is representative of the blood B cell 

compartment, rather than a uniquely splenic compartment. At E18.5, blood and spleen 

contained equal proportions of T1 and T2 B cells (Figure 3-5E). Taken in conjunction 

with the lack of chemotactic responsiveness to CXCL13 and the random distribution of 

IgM+ B cells throughout the spleen, these data suggest that the E18.5 splenic B cell 

compartment is also representative of the blood B cell compartment and not a uniquely 

splenic compartment. However, at P0.5 the proportion of T2 B cells in the spleen 

increased significantly relative to blood (Figure 3-5E). This marks the point at which a 

uniquely splenic B cell compartment is established, and therefore represents the cellular 

onset of WP ontogeny. Further, the enhanced migratory capacity of the CD23+ T2 cells 

along with their overrepresentation in the P0.5 spleen (relative to P0.5 blood as well as to 

E18.5 spleen) demonstrate that CXCL13-responsive late transitional B cells initiate 

splenic WP ontogeny. 
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Migratory capacity of adult T1/T2 B cells mirrors that of neonatal B cells 

 A preponderance of transitional B cells in the neonatal spleen has been reported 

as early as P3, and these transitional cells give rise to mature B-1a cells (Montecino-

Rodriguez 2011). As such, we predict that the transitional B cells we observe in the 

perinatal spleen are also of the B-1 lineage. Developmental differences between 

transitional B-1 and B-2 cells have been described (Pedersen 2014); we therefore sought 

to determine whether the enhanced chemotactic response of late transitional (relative to 

early transitional) B cells to CXCL13 is also a characteristic of adult, bone marrow-

derived B cells. To address this question, we repeated our Transwell analysis on adult 

splenic and blood-derived B cells (Figure 3-6). Consistent with our data from the 

neonate, we observed a 1.75-fold increase in the ratio of T2 to T1 B cells from peripheral 

blood after migration toward CXCL13 (relative to input) (Figure 3-6A), while no 

difference in the ratio of T2 to T1 B cells was observed after migration of splenic B cells 

toward CXCL13 (Figure 3-6B). The similar rates of CXCL13-elicited migration by 

splenic early and late transitional B cells are likely the result of desensitization to the 

chemokine; the majority of adult splenic B cells will have encountered CXCL13 upon 

entry into the WP. The enhanced migratory capacity of blood-derived T2 B cells (relative 

to T1), however, suggests that acquisition of chemotactic responsiveness to CXCL13 

during the maturation from the early to late transitional stages of B cell development is a 

characteristic of both B-1 and B-2 lineage B cells. 
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Figure 3-6:  Enhanced CXCL13 responsiveness of adult blood-derived but not 
spleen-derived T2 B cells.  (A) Ratios of blood-derived T2 to T1 B cells before (input) 
and after (migrated) specific migration toward 1ug/mL CXCL13 by Transwell migration 
assay.  (B) Ratios of splenic T2 to T1 B cells before (input) and after (migrated) specific 
migration toward 1ug/mL CXCL13 by Transwell migration assay. 
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Discussion and Ongoing Experiments 

These results demonstrate a stepwise and ordered progression of discrete events in 

the initiation and onset of splenic WP ontogeny: (1) production of CXCL13 protein by 

perivascular pre-FDC in the late embryonic spleen in an LTα1β2-, TNFα-, and T/B cell-

independent manner, which “primes” the spleen for WP ontogeny (Vondenhoff 2008), 

(2) an increase in peripheral IgM+ B cell numbers, dominated by early transitional B 

cells, at E18.5, and then at P0.5 (3), the acquisition of chemotactic responsiveness to 

CXCL13 by B cells, (4) aggregation of B cells around the splenic vasculature, and (5) 

establishment of the first uniquely splenic B cell compartment, defined by an increase in 

the proportion of late transitional B cells relative to peripheral blood. 

 

Regulation of CXCL13 production in pre-FDC of the embryonic spleen 

 The “priming” of the embryonic spleen for WP establishment has been 

demonstrated by transplantation of E15.5 spleen into the kidney of Rag2/γc
-/- mice, and 

the subsequent establishment of lymphoid architecture surrounding the graft 

(Vondenhoff 2008). Morever, these “primed” cells have recently been shown to be of a 

stromal origin (Tan 2014). Additionally, basal levels of CXCL13 transcription in 

peripheral lymph node anlagen (presumably stromal cells) have been detected, and shown 

to be dependent upon neuronally-derived retinoic acid (RA) and the RA receptor β, and 

that induction of CXCL13 transcription in the intestine can be controlled by stimulation 

of the Vagus (10th cranial) nerve in a retinaldehyde dehydrogenase 2-dependent manner 

(van de Pavert 2009). As the spleen is innervated by the Vagus nerve, it is possible that 

this or a similar mechanism of CXCL13 regulation controls the initial expression of 
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CXCL13 in the embryonic spleen. How this basal CXCL13 expression (and the 

consequent induction of SLO ontogeny) is restricted to only a subset of Vagus-innervated 

organs warrants further investigation (see Chapter 7). 

 While initial embryonic expression of CXCL13 is independent of LTα1β2 and 

TNFα, its upregulation in the spleen, as well as the differentiation and maintenance of 

splenic FDC, require physiological concentrations of both. It has been suggested that the 

“maintenance of pre-FDC relies on LTβR and their further maturation depends on 

TNFR1 signaling” (Krautler 2012). Our observation that perivascular B cell aggregation 

in the spleen is delayed by 24 hours in the absence of TNFα is in accordance with this 

prediction, particularly in light of the recent observation that defective WP ontogeny in 

the absence of LTα1β2 can be rescued by increased concentrations of TNFα (20). With 

the identification of pre-FDC, further study on the differential effects of and requirements 

for TNFα signaling in FDC induction/maturation are now possible. 

 

Release of fetal liver B cells into circulation 

 As mentioned, a pronounced reduction of B cell numbers and percentages is 

observed between E17.5 and E18.5 in the fetal liver. The potential mechanisms 

responsible for or contributing to this perinatal B cell egress are numerous. We 

entertained several possible explanations, including changes in oxygen tension, perinatal 

increases in circulating maternal estrogen, and increases in circulating fetal/maternal 

sphingosine-1-phosphate (S1P). As S1P is involved in the egress of immature B cells 

from the bone marrow, we attempted to investigate its levels in the E17.5 and E18.5 fetal 

liver by mass spectrometry, predicting an increase in liver S1P concentrations (reflecting 
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local production and/or increases in circulating S1P) at E18.5, concurrent with the 

observed B cell egress. Our pilot experiment revealed no differences in S1P 

concentrations between the two time points (not shown), but we hope to repeat this 

analysis pending further optimization. 

 

Acquisition of CXCL13 responsiveness by late transitional B cells 

A reduced chemotactic responsiveness of neonatal B cells to CXCL13 has been 

described (Cupedo 2004), but this report demonstrated a gradual acquisition of CXCL13-

responsiveness by total B220+ cells (isolated from mesenteric lymph nodes), rather than 

exclusively IgM+ B cells, between P0 and P4. Our data from the spleen show a near 

absence of specific migration toward CXCL13 by IgM+ B cells at E18.5, but a frequency 

of specific migration comparable to that of adult splenic B cells at P0.5. The chemotactic 

unresponsiveness of the E18.5 B cells, despite their expression of CXCR5 and their 

ability to mobilize calcium in response to CXCL13 stimulation, suggests that a functional 

coupling of CXCR5 to cellular chemotaxis is absent in these cells, and the acquisition of 

CXCL13 responsiveness in the P0.5 cells suggests that this coupling takes place as the 

transitional cells mature.  

CXCR4-mediated chemotaxis toward CXCL12 is dependent up on β-arrestin2 

and GRK6 in T cells and, to a lesser extent, B cells (Fong 2002); the specific β-arrestin 

and GRK linking CXCR5 to cellular migration have not yet been identified. Our 

observation that the B cells from both E18.5 and P0.5 are capable of migration toward 

CXCL12 at similar frequencies demonstrates that cells from both developmental time 

points are capable of chemokine-elicited migration, and suggests the uncoupling of 
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CXCR5 from chemotaxis at the level of the undefined CXCR5-associated GRK/arrestin. 

This raises an intriguing and novel mechanism for the regulation of chemokine-driven 

migration in chemokine receptor-expressing cells – differential regulation of GPCR-

associated signaling intermediates – and transitional B cells should provide a valuable 

system in which to elucidate this phenomenon. Further discussion and proposed 

experiments to interrogate the differential CXCR5-derived signaling early and late 

transitional B cells are discussed in Chapter 7. 

 

An intermediate transitional stage of B cell development? 

The transitional stages of B cell development are commonly described as 

occurring in the spleen (Tussiwand 2009, Pieper 2013), but it has been suggested that 

these stages are, in fact, a blood phenomenon. Our data suggest a compelling refinement 

of the latter theory: early transitional B cells are effectively excluded from the splenic 

WP (and are therefore maintained in the blood and/or splenic RP) by their chemotactic 

unresponsiveness to CXCL13, and only after the window of peripheral tolerance has 

closed do B cells acquire the ability to migrate toward CXCL13 and are thus allowed 

egress from the blood/RP and entry into the splenic WP (and other SLO). Teleologically, 

the lack of chemokine responsiveness by the early transitional B cells affords them the 

opportunity for tolerance induction to peripheral self antigens not encountered in the fetal 

liver during their sojourn throughout the body. As such, acquisition of chemotactic 

responsiveness to CXCL13 represents a discrete step in the maturation of early to late 

transitional B cells, and we are currently investigating whether susceptibility to BCR-

induced tolerance is lost as responsiveness to CXCL13 is acquired. As the differential 
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CXCL13 responsiveness of T2 and T1 B cells is a characteristic of adult bone-marrow 

derived B cells as well as neonatal, fetal liver-derived B cells, these data have significant 

implications for the regulation of humoral peripheral tolerance throughout life. The 

enrichment of CD23+ late transitional B cells in the migrated fractions from our transwell 

experiments (Figure 3-5) suggest that CXCL13-elicited chemotaxis is characteristic of 

the late transitional/T2 stage of B cell development. However, some but not all CD23- 

early transitional/T1 B cells also specifically migrated toward CXCL13. Further, the B 

cells surrounding the splenic vasculature in the P0.5 mouse contained both CD23- and 

CD23+ B cells (data not shown). This has led us to hypothesize that acquisition of 

chemotactic responsiveness to CXCL13 – and the ability to enter the SLO – is acquired 

during the maturation of T1 B cells to T2 B cells, and that CD23 expression is not 

necessarily hallmark of maturation from the T1 stage. 

Specifically, we hypothesize that the susceptibility of transitional B cells to 

peripheral, BCR-induced tolerance is lost upon the acquisition of CXCL13 

responsiveness, irrespective of CD23 expression. To test this hypothesis, we proposed 

separating the three transitional B cell populations (non-migratory CD23-, migratory 

CD23-, and migratory CD23+) by Transwell assay, and then testing their susceptibility to 

BCR-mediated apoptosis by culturing the cells in the presence of a cross-linking anti-

BCR mAb and a membrane-permeable caspase inhibitor/active caspase indicator (FITC-

VAD-FMK). Several pilot experiments were performed on adult blood-derived B cells, in 

order to optimize the conditions for induction of apoptosis, but we were unable to 

demonstrate reproducible apoptosis of the early transitional B cells (data not shown).  
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Formal identification of the initiating B cells’ lineage 

Hayakawa and colleagues have reported an intimate, physical association of B-1a 

cells with WP FDC in the mature, adult spleen (Wen 2005). Given that the transitional B 

cells we observe colonizing the P0.5 spleen and initiating WP ontogeny are likely of a B-

1 lineage (Montecino-Rodriguez 2011), we propose that these cells mature into 

canonical B-1a cells, and that they continue to support the maintenance of follicular 

microarchitecture. While both the developmental timing of the onset of WP ontogeny and 

the cell transfer data from the Dorshkind laboratory (Montecino-Rodriguez 2011) 

strongly suggest that the transitional B cells we have described are of a B-1a lineage, we 

hope to formally prove this presumption. We had initially hoped to employ a mouse 

model lacking the alpha subunit of the IL-7 receptor in order to answer this question 

(Hesslein 2006). Adult bone marrow B lymphopoiesis is dependent upon IL-7R 

signaling, while fetal liver B lymphopoiesis is not; we had hoped to make use of this 

dichotomy, and assumed that the mouse model would provide a system completely 

lacking adult bone marrow-derived B cells. Unfortunately, bone marrow B lymphopoiesis 

is not completely ablated in these animals, and as such, we could not use it to completely 

rule out a role for B-2 lineage cells in the initiation of WP ontogeny. We have, however, 

contacted Ken Dorshkind in an attempt to establish a collaboration (see Chapter 7 for 

proposed experiments).  

 

Concluding Remarks 

In lower vertebrates such as frog and shark, the mature splenic WP retains the 

architecture seen early in development, with the B cell zone remaining associated with 
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the central arteriole (Du Pasquier 2000). We plan to determine whether the 

developmental progression we have uncovered in mice, with CXCL13 expression at the 

vasculature and CXCR5 responsiveness of developing B cells, extends to all jawed 

vertebrates. Ultrastructural and some functional data suggest that FDC and germinal 

centers do not form in lower vertebrates (Zapata 2000), despite the presence all of the 

basic features of adaptive immunity such as MHC restriction of T cells, and somatic 

hypermutation and some level of affinity maturation of antibody responses (Flajnik 

2002). Although LTα and LTβ exist in lower vertebrates (Ohta 2006), these cytokines 

have not been co-opted for FDC generation and maintenance. Thus, further studies of 

immune responses in ectotherms may uncover primitive features of immunity that have 

been overlooked in mammals. 

 

  



	 69	

Chapter 4: A single lineage of “double duty” dendritic cells in the Xenopus spleen 

promotes both B and T cell responses and is central to the primordial germinal 

center reaction 

 
Introduction 

 Secondary lymphoid organs (SLO) provide a structural framework for the co-

concentration of antigen (Ag) and Ag-restricted lymphocytes necessary for an efficient 

adaptive immune system (Hofmann 2010). The spleen is the primordial SLO; it arose in 

evolution in the cartilaginous fish approximately 500MYA, alongside Ig/TCR:pMHC-

based adaptive immunity (Boehm 2012), and is the only bona fide SLO observed prior to 

the evolution of mammals. The spleen is histologically and functionally separated into 

two distinct compartments: the red pulp (RP), tasked with filtration of the blood, and the 

white pulp (WP), the spleen’s immune compartment (reviewed in Mebius 2005).  

The ontogeny of the mammalian WP begins with an accumulation of B cells 

around splenic vasculature, their contraction into a nascent follicle, and the eventual 

displacement of the intact, nascent follicle from the vasculature by the periarteriolar 

lymphoid sheath (PALS) of T cells (Vondenhoff 2008, Neely 2015). The movement of 

the nascent follicle from the vasculature is associated with the B cell-derived, 

lymphotoxin (LT) α1β2-dependent maturation of perivascular pre-FDC; detachment 

from the vasculature is a hallmark of FDC maturation, and the integrity of the follicle 

after its displacement from the vasculature is dependent upon FDC (Aguzzi 2014, Ansel 

2000). Additionally, FDC are necessary for both the formation and the function of 

germinal centers (GC), in which class switch recombination (CSR) and somatic 

hypermutation (SHM) occur (reviewed in De Silva 2015). 
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 Canonical CSR, i.e. T cell-dependent, AID-mediated, switch box-guided CSR, 

arose in amphibians (common ancestor with humans ~350MYA). However, GC do not 

form in the spleen of the amphibian Xenopus laevis (reviewed in Du Pasquier 2000), and 

in the mature, adult Xenopus spleen, the B cell follicle remains associated with the 

vasculature, surrounded by a “double layer of elongated cells” termed the 

Grenzschichtmembran of Sterba (GS) (Manning 1969), with T cells adjacent and 

peripheral to the WP (Du Pasquier 1989). Furthermore, bona fide FDC have not been 

identified in Xenopus; rather, a single, morphologically homogeneous population of 

dendritic cell (DC) has been described in the Xenopus spleen. These cells, termed XL 

cells, are “large, mitotically active cells with abundant electron lucent cytoplasm, large 

hyperlobulated nuclei and prominent nucleoli [and] are found in the periphery of the 

splenic white pulp” (Baldwin 1981). Additionally, XL cells migrate into the WP in the 

context of acute, thymus-dependent immune responses, predominantly localizing to the 

internal perimeter of the WP, and have been shown capable of trapping Ag at their 

plasma membrane (Baldwin 1983). 

Based on these observations, we have hypothesized that the Xenopus XL cells are 

of a conventional, hematopoietic lineage, but perform “double duty,” presenting both 

peptide:MHC Ag to T cells, and native, surface-bound Ag to B cells. In this report, we 

investigate the level of evolutionary conservation in the ontogeny and mature architecture 

of the splenic WP of the nurse shark, Xenopus laevis, and the laboratory mouse. Further, 

we establish a method of readily identifying and isolating the Xenopus XL cells, enabling 

a detailed analysis of their behavior, sub-splenic localization, and transcriptional profile 
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during acute immune responses. 

 

Results and Discussion 

Evolutionary conservation of WP ontogeny and microarchitecture 

In all characterized vertebrates from cartilaginous fish (Rumfelt 2002) to 

mammals (Vondenhoff 2008, Neely 2015), the initiating cellular/histological event in 

splenic white pulp (WP) ontogeny is an accumulation of B lymphocytes around splenic 

vasculature. However, the lymphocyte subset initiating WP ontogeny in the amphibian 

Xenopus has not been identified. We therefore analyzed the spleens of developing 

Xenopus laevis larvae from the first appearance of the spleen at developmental stage 47 

(Manning 1969). B cells were detected in the spleen as early as developmental stage 48, 

and had aggregated around the central vasculature into a single, discrete WP no later than 

stage 50 (Figure 4-1A), demonstrating that the B cell-mediated initiation of WP 

ontogeny is conserved in amphibians. 

As the ontogeny of the mammalian WP progresses, the nascent, perivascular B 

cell follicle is replaced at the vasculature by the periarteriolar lymphoid sheath (PALS) of 

T cells (Vondenhoff 2008). The microarchitecture of the mature, adult Xenopus WP, 

however, is characterized by retention of the B cell follicle around the vasculature (Du 

Pasquier 1989 and Figure 4-1B), bounded by the actin-rich GS (Figure 4-2). Few T 

cells are observed in the WP of a quiescent Xenopus spleen; rather, they reside in a 

corona surrounding and peripheral to the WP. 

Our laboratory has previously reported a similar microarchitectural organization 

of the nurse shark WP to the mammalian WP, i.e. a T cell zone surrounding splenic  
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Figure 4-1: Evolutionary conservation of WP ontogeny and microarchitecture. A. 
Upper panel: 6um splenic cryosections from X. laevis larvae at indicated developmental 
stage, stained with H&E. Lower panel: Immunofluorescent analysis of 6um splenic 
cryosections, serial to sections shown in upper panel, stained with anti-IgM (green) and 
DAPI (blue). B. Immunofluorescent analysis of 6um cryosection from adult spleen, 
stained with anti-Igk (green), anti-CD3 (red), and Phalloidin (white). RP: red pulp, WP: 
white pulp, GS: Grenzschichtmembran. of Sterba, arrowhead indicates central 
vasculature. Data are representative of 3 or more independent experiments. 
Magnification: 200X. C. ISH analysis of 6um cryosections of nurse shark spleen, probed 
for Pax5 expression. Arrowhead indicates central vasculature. 
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Figure 4-2: Visualization of WP with Phalloidin. 6um serial cryosections from 
quiescent adult spleen, stained with H&E (A) or Phalloidin, to indicate F-actin, which is 
abundantly present in both the RP and the GS (B). Upper panel magnification: 40X, 
Lower panel magnification: 100X. Data are representative of 3 or more independent 
experiments. 
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vasculature, with a peripheral B cell zone (Rumfelt 2002). However, these data were 

gathered by chromogenic immunostaining with an Igκ-specific antibody; more recent 

analyses suggest that our follicular B cell signal may have been overwhelmed by the Ig 

secreted by plasma cells (Castro 2013). We therefore analyzed Pax5 expression in 

splenic cryosections from an adult nurse shark by in situ hybridization (Figure 4-1C), 

and found discrete B cell follicles surrounding splenic vasculature. 

These data demonstrate that the initiation of WP ontogeny by B lymphocytes is 

conserved since the appearance of adaptive immunity based on rearranging 

Ig/TCR:pMHC, and therefore since the appearance of the spleen itself in gnathostomes. 

Moreover, they demonstrate that the replacement of the B cell follicle at the WP’s central 

arteriole by T lymphocytes is a recently evolved characteristic of the spleen, having 

occurred no earlier than in reptiles (see Chapter 1) or birds (Del Cacho 2009), and that 

the ancestral microarchitecture of the WP comprises a perivascular B cell follicle, with T 

cells peripheral to the follicle. 

 

XL cells in the quiescent and immune WP (XL cells as FDC) 

A single, morphologically homogeneous population of dendritic cell (DC) has 

been described in the Xenopus spleen. Under steady-state conditions, XL cells are 

dispersed throughout the splenic RP and WP (Baldwin 1981 and Figure 4-3A). During 

an acute, thymus-dependent immune response, XL cells migrate across the GS into the 

WP, localizing to and forming a ring within the internal perimeter of the WP (Figure 4-

3B). An interdigitating network of CXCL13-expressing FDC is a hallmark of the 

mammalian B cell follicle, and CXCL13-expressing FDC are a central feature of the  
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Figure 4-3: Immunization-dependent migration of and antigen acquisition by XL 
Cells. A. 6um splenic cryosection from quiescent adult spleen, stained with H&E. B. 6um 
splenic cryosection from adult spleen, 9 days post-immunization. RP: red pulp, WP: 
white pulp, dotted line indicates Grenzschichtmembran of Sterba. C. 6um cryosection 
from adult spleen, 9 days post-immunization, serial to section shown in panel B., 
analyzed for CXCL13 expression by in situ hybridization. Dotted line indicates 
Grenzschichtmembran of Sterba. D. Overlay of PE fluorescence signal (red) onto 6um 
H&E-stained cryosection from adult spleen, 9 days post-immunization with PE. 
Arrowheads indicate individual clusters of XL Cells. Magnification (A-D): 200X. E. 
Analysis of 6um cryosection from adult spleen, stained with Phalloidin (green) and 
analyzed for PE fluorescence (orange). Magnification: 40X. Data are representative of 3 
or more independent experiments. 
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mammalian germinal center (GC) (reviewed in Allen 2008). To determine whether a 

comparable population of cells exists in the Xenopus WP, we analyzed CXCL13 

expression in the Xenopus WP by in situ hybridization (ISH). We were unable to detect 

CXCL13 expression in the quiescent spleen by ISH (not shown), though CXCL13 

mRNA was detectable by RT-PCR (Figure 4-4). Upon immunization with R-

Phycoerythrin (PE), however, robust CXCL13 expression was detected within the WP, in 

a pattern consistent with the redistributed XL Cells at the internal perimeter of the WP 

(Figure 4-3C). This response was not limited to animals immunized with PE – both HEL 

and human IgG (HgG) elicited the same CXCL13 response, and HgG was detectable by 

immunofluorescent analysis at the internal perimeter of the WP (not shown). 

PE was chosen as an immunogen in order to evaluate surface adsorption and 

retention of antigen (Phan 2009). Upon internalization and acidification of the endo-

phagocytic vesicle, PE loses its fluorescence; as such, PE positivity is indicative of 

surface acquisition and retention of immunizing antigen. Fluorescent analysis of spleens 

at day 9 post-immunization revealed PE-positive cells at the internal perimeter of every 

WP (Figure 4-3D). Further, overlay of PE signal onto H&E-stained sections revealed co-

localization of PE with XL cells (Figure 4-3E), demonstrating the XL cells’ capacity to 

acquire and retain immunogen at their plasma membrane. Ag trafficking into the WP of 

the Xenopus spleen has been described (Horton 1974), and hypothesized to be mediated 

by XL cells (Baldwin 1981). Our results not only confirm this hypothesis, but also 

demonstrate that the trafficked Ag is maintained at the XL cells’ surface. 

Taken together, the expression of CXCL13 and surface retention of immunogen 

by XL cells during an acute immune response suggest an FDC-like functionality; both  
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Figure 4-4: CXCL13 expression in quiescent and immune spleen. A. Semi-
quantitative RT-PCR analysis of CXCL13 expression in quiescent and day 9 post-
immunization adult spleen. B. Real-time RT-PCR analysis of CXCL13 expression in 
quiescent and day 9 post-immunization spleen, relative to expression of proteasomal 
subunit LMPY (housekeeping control), n = 3. 
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chemotactic recruitment of, and presentation of native, surface-associated antigen to, B 

cells is implicated by these data.  

 

Transcriptional profile of XL cells (XL cells as cDC) 

In order to further characterize the XL cells, we analyzed splenocytes from 

quiescent and day 9 post-immunization animals by flow cytometry, using mAb against 

Xenopus MHC Class II, IgM, and CD5, the latter of which is constitutively expressed by 

Xenopus T cells (and is induced upon activation in B cells) (Jurgens 1995). In the 

quiescent spleen, three populations of MHC Class II+ cells were observed: IgM+, CD5-, 

MHC Class II+ B cells, IgM-, CD5+, MHC Class II+ T cells, and a third population of 

IgMlo/-, CD5-, MHC Class IIhi cells with a high light scatter profile suggestive of a myelo-

monocytic lineage (Figure 4-5A, Figure 4-6). 

After immunization (Figure 4-5B), we observed two distinct populations of PE+ 

cells: a small proportion of PE+ B cells, likely PE-reactive B cells, and a large proportion 

of the MHC Class IIhi population. Predicting that the latter population comprised the XL 

cells we observed histologically in the immune WP, we flow-sorted these putative XL 

cells, along with B cells and T cells, for transcriptional analysis (sorting parameters in 

Figure 4-6). The specificity of the sort was confirmed by analysis of MHC Class II, 

expressed by all 3 populations, and CD3, expressed by T cells but neither B cells nor XL 

cells (Figure 4-7A). mRNA for IgM was robustly detected in the B cell fraction but not 

in the T cell fraction, while a low level of expression was detected in the XL Cell 

fraction, likely the result of a small amount of contamination of the sorted population by 

B cells (no reciprocal contamination of the B cell population was observed).  
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Figure 4-5: Identification of XL Cells by flow cytometry. A. Flow cytometric analysis 
of splenocytes from quiescent adult spleen, stained with anti-MHC Class II and anti-IgM. 
B. Flow cytometric analysis of splenocytes from day 9 post-immunization adult spleen, 
stained with anti-MHC Class II and anti-IgM (left panel), gated on MHC Class II+ IgM+ 
B cells and MHC ClassII-hi IgM-lo/+ XL Cells. Light scatter analysis of indicated 
subpopulations (center panel) and  analysis of indicated subpopulations for PE 
fluorescence (right panel). Data are representative of 3 or more independent experiments. 
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Figure 4-6: Flow cytometry cell sorting parameters. A. Gating strategy for isolation of 
B, T, and XL Cells by FACS. B. Post-sort analysis of individual populations for purity. 
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Figure 4-7: Transcriptional profile of XL Cells. A. Real-time RT-PCR analysis of 
mRNA transcript levels from sorted B, T, and XL Cells, relative to expression levels of 
LMPY (dCt). n = 3, data are representative of 3 independent experiments. B. In situ 
hybridization analysis of BAFF and PIGR2 expression in 6um day 9 post-immunization 
splenic cryosections. Data are representative of 3 independent experiments, 
magnification: 200X. 
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Further analysis revealed that XL cells alone expressed CXCL13, as well as the T cell 

chemoattractant CCL19, the B cell survival/activation factor BAFF, the hematopoietic 

transcription factor PU.1, and an apparent cis-duplicate of the poly-Ig receptor (PIGR) 

tentatively named PIGR2. PIGR2 is predicted to be a cell surface-expressed protein 

capable of binding IgM, and thus is potentially responsible, in whole or in part, for the 

surface adsorption of IgM observed on the XL Cells by flow cytometric analysis (see 

Chapter 6). 

To support the transcriptional data provided by the above qPCR analyses, we 

analyzed cryosections from day 9 post-immunization spleens by ISH. Both BAFF and 

PIGR2 were readily detectable at the internal perimeter of the WP (Figure 4-7B), and 

CCL19 expression was detected both at the internal perimeter of the WP and also in the 

RP (not shown), confirming that the sorted cells are indeed XL cells. 

The coexpression of  MHC Class II and PU.1 demonstrates that the XL Cells are 

of a conventional, hematopoietic lineage. Further, their expression of CCL19 and MHC 

Class II suggests an ability to both attract and stimulate CD4+ T cells, also hallmarks of 

conventional DC. Taken in conjunction with their expression of CXCL13 and retention 

of native Ag at their plasma membrane, we propose that the XL Cells perform “double 

duty,” presenting both peptide:MHC Ag to CD4+ T cells, as well as native Ag to B cells. 

 

T/B/XL cell interface in the immune WP 

The expression of CCL19 by XL Cells from day 9 post-immunization spleen 

suggested an active recruitment of T cells toward XL Cells, and therefore into the WP, 

during an acute immune response. Immunofluorescent analysis of spleens from immune 
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animals revealed T cell immigration into the WP, both at the internal perimeter and at the 

center of the WP, suggesting recruitment of T cells from both the RP and the circulation, 

respectively (Figure 4-8). Further, cell - cell contact was observed between B and T 

cells, B cells and XL Cells, and T cell and XL Cells. These data demonstrate the 

establishment of a B:T:XL cell interface in the WP in the context of an acute immune 

response. 

 

Conclusions and Ongoing Experiments 

Functional analysis of XL cells 

While we have demonstrated that XL cells have the capacity to both recruit and 

presumably stimulate both B cells and T cells, as well as a physical interaction among the 

three cell types, formal proof of functional interactions remains to be generated. To this 

end, we have begun three lines of investigation in order to determine whether XL cells 

functionally interact with B cells and/or T cells; these experiments are detailed in 

Chapter 7. 

 

A “double duty” paradox? 

 In 1974, Horton and Manning demonstrated the thymus-dependence of Ag entry 

into the WP of the Xenopus spleen by hyperimmunizing animals with HgG and analyzing 

splenic localization of the immunogen (Horton 1974); they found no evidence of Ag 

localization to the WP even after 3 weekly injections of 150ug HgG in CFA in 

thymectomized frogs (a low level of fluorescence was detected in the RP, though it is 

difficult to determine whether this signal is background). We repeated these experiments,  
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Figure 4-8: T cell immigration into the WP during acute immune response.  Serial 
6um sections from a day 9 post-immunization adult Xenopus spleen. Left panel shows 
staining with PE (orange) anti-CD3 (red) and phalloidin (grey). Right panel shows 
staining with anti-Igk (green), anti-CD3 (red), and PE (orange). 
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though with only a single injection of either 50ug PE in IFA (Figure 3-6) or 50ug HgG in 

IFA (not shown), and were able to reproduce their results. The absence of Ag-bearing XL 

cells in the WP of thymectomized, immunized animals confirms an interaction between T 

cells and XL cells, and the retention of native antigen at the surface of XL cells, along 

with their expression of CXCL13 and intrafollicular localization, strongly suggest an 

interaction between B cells and XL cells. This duality of function raises an interesting 

question: how does a single cell balance the amount of Ag internalized for degradation 

and MHC presentation to T cells, and the amount of antigen retained at its plasma 

membrane for presentation to B cells? 

 One possible explanation is a sequential progression of interactions among T 

cells, B cells, and XL cells, implying that the XL cells do not present Ag to both T cells 

and B cells at the same time. Instead, the cells could internalize, process, and present Ag 

to T cells only until a cognate interaction is achieved; the cognate T cells would then 

provide a signal necessary for XL cell induction/differentiation. Then, upon receipt of 

this signal and in the course of traversing the GS into the WP, the XL cell would lose its 

ability to internalize and process Ag and begin to retain all acquired Ag at its plasma 

membrane for presentation to B cells. Then, upon recognition of XL cell-associated Ag 

by a cognate B cell, the B cell could then interact with a WP-immigrating cognate T cell 

(Figure 4-8), thus acquiring both the stimulation (from the Ag retained on the surface of 

the XL Cell) and the co-stimulation (from a cognate T cell) necessary for full activation 

and CSR. 

 The opposite explanation is also possible, i.e. the XL Cell does, in fact, present 

both pMHC Ag and native Ag at the same time. The duration of the primordial germinal 
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center response could shed light on this apparent paradox. In mammalian GC, native Ag 

is maintained for long periods of time (reviewed in Mandel 1980). This maintenance is 

achieved, at least in part, by the constant cycling of antigen between the cell surface and 

recycling endosomes of FDC. The recycling endosomes are non-degradative; rather, they 

are specifically tasked with the protection and preservation of antigen (Heesters 2014). If 

a loss of immunogen is observed over a relatively (as compared to a mammalian GC) 

short period of time, we could infer that no efficient mechanism for preserving 

immunogen exists in the Xenopus WP, which would in turn suggest that continuous 

degradation of immunogen occurs. 

 

  



	 87	

Chapter 5: Ag Trafficking in Xenopus 

 
Introduction 

Our analyses in Chapter 4 were centered around the acquisition and retention of 

immunogen on splenic – specifically WP – XL cells, while all immunizations were 

performed intraperitoneally. A necessary predecessor to the phenomena we studied and 

described is the transport of Ag from the peritoneal cavity (PerC) to the spleen itself. We 

conducted several studies regarding Ag trafficking in the course of the previously 

described experiments, as well as analyses of the PerC itself, in both quiescent and 

immunized animals. 

 

Results and Discussion 

The quiescent Xenopus peritoneal cavity 

To determine the leukocytic constituency in the quiescent Xenopus PerC, we 

analyzed peritoneal lavage cells from a quiescent adult frog by flow cytometry. 

Surprisingly, we found very few B cells of any isotype (Figure 5-1A); rather, the 

lymphocyte compartment of the PerC was composed almost entirely of Ig- T cells. The 

dominant population, representing as much as 60% of PerC cellularity, was MHC Class 

IIhi with a high light scatter profile, much like splenic XL Cells. These cells were also 

found triple-positive for IgM, IgX, and IgY (Figure 5-1B,C), suggesting Ig adsorption by 

one or more mechanisms. We are currently optimizing our cytospin protocol and 

establishing a slide-based culture system in order to determine the morphological 

characteristics of these cells. At present, based on their high expression levels of MHC  
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Figure 5-1:  The quiescent Xenopus PerC.  Flow cytometric analysis of PerC cells. (A) 
(Left panel) Light scatter profile of whole PerC. (Center panel) MHC Class II x IgM 
profile of PerC cells, gated from left panel. (Right panel) Light scatter profile of 
populations gated as in center panel. (B) MHC Class II x individual Ig isotype analysis of 
PerC cells. (C) Double-staining against Ig isotypes to demonstrate co-adsorption of all Ig 
isotypes on PerC macrophages. 
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Class II, light scatter profile, and previous reports (Kaufman 1985), we refer to these 

cells as PerC macrophages. 

As shown in Figure 4-5, the levels of IgM adsorption evident on XL cells from 

quiescent spleen are very low; IgM positivity increases after immunization. By contrast, 

the PerC macrophages from quiescent animals displayed moderate levels of IgM 

adsorption (comparable to the highest levels observed in immune splenic XL Cells), high 

levels of IgY adsorption, and low/moderate levels of IgX adsorption (though the 

differences in fluorescence intensity among the stains may reflect differences in Ab 

affinity). These PerC macrophages were positively MACS sorted using the mAb 11D5 

(anti-IgY), to a purity of approximately 84% (Figure 5-2A). The reciprocal population of 

IgY- cells was retained as well, and was essentially devoid of IgY+ cells. Expression of 

PIGR2 (a duplicate of the Poly Ig Receptor, see Chapter 4 and Chapter 6), analyzed by 

real-time RT-PCR, was found to be elevated 2.3-fold in the IgY+ macrophages (Figure 5-

2B) relative to the IgY- fraction. Given the relatively low purity of the MACS-sorted 

fraction (NB: cells were passed over the magnetic column only once; future experiments 

will likely benefit from a second round of separation), these data suggest that in the PerC 

PIGR2 expression is mostly restricted to the PerC macrophages. 

Given the phenotypic similarities of the PerC macrophages to splenic XL Cells, it 

is tempting to speculate that these two cell populations are closely related. Further 

analysis of these PerC macrophages and comparison to splenic XL Cells (in terms of 

morphology, surface phenotype, and transcriptome), will shed light on the relatedness of 

these two populations. The relative abundance of the PerC macrophages, and the ease  
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Figure 5-2:  MACS purification of Xenopus PerC macrophages and analysis of 
PIGR2 expression. (A) Input sample, pre-MACS (upper panel). Cells were stained with 
mAb 11D5 (a-IgY) then subjected to a single round of magnetic separation. Positively 
selected 11D5+ and flow-through were then re-analyzed by flow cytometry (lower 
panel). (B) Real-time qPCR analysis of PIGR2 expression on RNA extracted from 
11D5+ and 11D5- cell fractions. Displayed as expression relative to LMPY. 
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with which they can be sorted/purified, could make them a valuable proxy for the study 

of XL Cells. 

 

Immunization-elicited changes in the PerC 

The cellularity of the PerC changes rapidly and dramatically upon i.p. 

immunization. Total cell numbers increase within 48 hours of immunization (Figure 5-

3), peaking at day 4 post-immunization with a nearly 10-fold increase, then decline 

through day 9 (though still remain elevated, compared to cell numbers in a quiescent 

animal). Determination of the identity of the immigrating cells at early time points post-

immunization by flow cytometry is problematic – the immigrating cells stain positively 

for surface IgM and show moderate to high levels of MHC Class II, which makes it 

difficult to determine whether these cells are B cells or PerC macrophages. Their light 

scatter profile is higher than would be expected for resting lymphocytes, but not outside 

the limits of what would be expected for plasmablasts. Further characterization of these 

cells is therefore warranted; we are currently investigating their morphological 

characteristics. 

At 14 days post-immunziation, PerC cell numbers are still elevated relative to 

quiescent animals (data not shown), and the majority of the cells have the morphological 

characteristics of neutrophils and macrophages (Figure 5-4). The elevated cell numbers 

can be at least partially explained by the retention of emulsified immunogen within the 

PerC (visible by the naked up through at least 14 days post-immunization, not shown). 
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Figure 5-3:  Cellularity in the Xenopus PerC after immunization. Total PerC cell 
numbers were calculated by counting cells recovered from PerC lavage, then multiplied 
by the quotient of the total volume injected and volume recovered. NB: Pilot experiment 
– each timepoint represents an n of 1. 
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Figure 5-4:  Cytospin analysis of day 14 post-immunization Xenopus PerC. PerC 
cells were collected by lavage, affixed to slide by cytospin, and stained with H&E. Right 
panel shows enlargement of representative neutrophil and representative macrophage. 
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Antigen trafficking to the WP 

A fundamental question remains: how does immunogen travel from the site of 

inoculation to the WP of the spleen? The thymus-dependence of immunogen trafficking 

into the WP (Manning 1971 and data not shown) raises two more questions: what is the 

nature of the T cell:XL Cell interaction (i.e. is this interaction Ag-restricted), and where 

does it occur? 

We have entertained several possible answers to these questions. Free 

(emulsified) antigen could move from the PerC into the circulation, via the dorsal lymph 

sac and the thoracic duct, and drain into the RP/cords of the spleen. There, it would 

encounter RP XL cells, which, upon Ag uptake, would interact with RP T cells and 

receive the necessary signal(s) for WP immigration. Also, Ag could be acquired by the 

PerC macrophages, which could then traffic to the spleen, where they would interact with 

T cells and receive the necessary signal for WP immigration (which would suggest a 

common lineage for the PerC macrophages and the XL cells). Or, the PerC macrophages 

could “hand off” the Ag to splenic XL cells (see Chapter 1 for studies in mammals), 

which would then interact with splenic T cells. An additional possibility is that PerC 

macrophages could acquire Ag and interact with the T cells within the PerC, from whom 

they would receive signals necessary for both migration to the spleen and immigration 

into the WP. 

We attempted to answer these questions in two ways. First, a time course 

experiment was performed in which animals were immunized with 50ug PE/IFA. A 

single animal was analyzed each day, from immunization through day 9 post-

immunization, for the presence of PE+ cells in the circulation. Unfortunately, separation 
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of blood leukocytes from erythrocytes/thrombocytes was less than optimal, and the 

numbers of PE-bearing cells detected in the blood were too low for any reliable analysis. 

We are currently trying to optimize conditions for gradient separation of blood leukocytes 

so that this experiment can be optimized and repeated. 

These experiments did, however, yield valuable data on the kinetics of Ag 

trafficking to the WP. XL cells with low levels of PE were first detected by flow 

cytometry 3 days post-immunization; higher levels were not apparent until day 7 (Figure 

5-5). We were first able to detect PE by IHC in the WP (the only location in the spleen 

where PE was ever detected) 7 days post-immunization (Figure 5-6). Of note, PE was 

not visible in every WP of the day 7 post-immunization spleen, as is the case at day 9. 

Moreover, PE signal was not fully distributed throughout the internal perimeter of all WP 

in which it was detected; rather, in several WP, the PE signal localized to a single area 

within the WP. 

 Second, a cell-tracking experiment was attempted. Total PerC cells from adult 

frogs were harvested by lavage and labeled with CellTrace Violet, then reinjected into the 

animals from which they were harvested. The animals were then either immunized with 

50ug PE/IFA or mock-immunized with PBS, and both PerC cells and splenocytes were 

analyzed 9 days later. No CellTrace Violet-positive cells were detected in either the 

spleens or PerC lavage of either experimental group. Our inability to detect the cells after 

9 days could be the result of loss/dilution of the labeling dye (a minimal concentration of 

the labeling dye was used to minimize dye-associated cytotoxicity, and the XL cells are, 

according to (Baldwin 1981), mitotically active); this experiment will be repeated with  
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Figure 5-5:  Kinetics of immunogen adsorption by splenic XL cells. Time course 
analysis of splenic XL cell acquisition of surface PE following i.p. immunization. 
Histograms are gated on FSChi, SSChi, MHCIIhi cells (see Figure 4-4). NB: Pilot 
experiment – each time point represents an n of 1. 
  



	 97	

 
 
Figure 5-6:  Kinetics of Ag trafficking into the splenic WP. 6uM cryosections from 
spleens at indicated time point post-immunization, stained with Phalloidin and analyzed 
for PE localization within the WP. NB: Pilot experiment – each time point represents an n 
of 1. 
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higher concentrations of the dye, as well as time points for analysis earlier than 9 days 

post-immunization (see below). 

In order to determine the location of the T cell:XL cell interaction, we have 

proposed harvesting PerC cells from unmanipulated, congenic animals, and then 

stimulating them in vitro with PE and PHA, then purifying the PerC macrophages and 

injecting them into congenic, thymectomized recipients. If Ag-bearing XL cells localize 

to the WP of the spleen in the T cell-deficient recipient animals, we could conclude that 

the T cell:XL cell interaction necessary for WP immigration occurs in situ at the site of 

immunization. Conversely, a lack of Ag/XL cell trafficking to the WP would suggest that 

the interaction between T cells and XL cells occurs in the spleen (it is possible, though 

unlikely, that this interaction could occur en route to the spleen). We have spoken to the 

collaborator from whom we received the thymectomized animals described previously; 

we hope to attempt this experiment as soon as we can obtain more animals. 

 One possible clue about the nature/location of the T cell:XL cell interaction arose 

in our time course analysis. While all WP contain PE-bearing XL cells at day 9 post-

immunization, only select WP contained the same at earlier time points (Figure 5-6). 

This means that the immigration of PE-bearing XL cells into the WP was not uniform 

among each WP; rather, it occurred in some WP before others. Furthermore, at day 9 

post-immunization, some WP displayed considerably higher PE signal than others 

(Figure 4-3D). This could suggest that the T cell:XL cell interaction occurs in the T cell 

zone at the periphery of the WP, and that it occurs in an Ag-specific fashion. One would 

not expect to find many PE-specific T cells in the spleen of a quiescent animal; rather, 

only a small number would be predicted, and these are not expected to be distributed 
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regularly around each WP in the spleen. Our data suggest that the interaction between 

Ag-presenting XL cells and Ag-restricted T cells occurs, initially, at discrete locations 

throughout the spleen, which would explain the restricted entry of XL cells into 

individual WP at early time points after immunization. T cell proliferation as a 

consequence of interaction with Ag-presenting XL cells would then increase the 

frequency of Ag-specific T cells, which would in turn increase the available T cells to 

license the entry of further XL cells into the WP. 
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Chapter 6:  Diversification of PIGR in Xenopus 

 
Introduction 

The mammalian polymeric Ig receptor (PIGR) is a 5 Ig domain-containing 

transmembrane protein expressed, predominantly, at the basolateral surface of epithelial 

cells. Upon binding J-chain-associated multimeric Ig (dimeric IgA or pentameric IgM), 

the receptor/Ig complex is internalized by the cell and transcytosed. During the course of 

transcytosis, PIGR is proteolytically cleaved, resulting in the luminal secretion of Ig 

complexed with the retained fragment of PIGR (called the secretory component). The 

gene encoding PIGR (PIGR) is located on human chromosome 1q32, flanked by two 

apparent cis-duplicates (Figure 6-1A). The duplicates, FCMR (previously FAIM3) and 

FCAMR, encode the recently discovered IgM-specific Fc receptor FcµR (Kubagawa 

2014), and IgA/IgM-specific Fc receptor Fcα/µR (Sakamoto 2001), respectively. These 

three genes are conserved across all mammals examined, and are present in some, but not 

all, reptiles (not shown). 

 

Results 

Appearance of PIGR in the lobe-finned fish 

PIGR is a member of the so-called double-disulfide Ig superfamily (DDIgSF) of 

immune receptors. This gene family includes the mammalian PIGR and its duplicates, the 

CD300 family, the TREM family, and NKp44. The DDIgSF arose from a single genomic 

locus in the elasmobranchs (Neely et al, in preparation). Characterized members of the 

family from other species include the modular domain immune-type receptor (MDIR) 

genes from the clearnose skate (Raja eglanteria) (Cannon 2006), the novel immune-type  
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Figure 6-1:  Genomic organization and domain structure of mammalian and 
Xenopus PIGR family members. (A) Physical map of human and Xenopus PIGR loci. 
(B) Structural diagram of human and Xenopus PIGR family members. Orthologous 
domains are similarly colored. 
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receptor (NITR) genes from carp (Cyprinus carpio) (Kock 2008), and the PIGR genes 

from teleost fish (Hamuro 2007, Xu 2013, Kortum 2014). Despite current nomenclature 

and functional similarities of the characterized teleost PIGR genes, no true phylogentic 

orthologue of canonical PIGR is apparent prior to lobe-finned fishes (Sarcopterygii). A 

single gene from the coelacanth (Latimeria chalumnae) (XP_006000453.1) represents the 

oldest gene orthologous to canonical PIGR. Coelacanth PIGR contains 3 Ig domains, 

orthologous to mammalian PIGR domains 4 and 5 (Figure 6-2). No other Coelacanth 

DDIgSF member appears orthologous to canonical PIGR. 

 

Diversification of PIGR in Xenopus 

Two genes orthologues to canonical PIGR are found in Xenopus (both laevis and 

tropicalis), adjacent to each other in the genome (Figure 6-1A), with one containing 4 Ig 

domains, the other containing 3 (Figure 6-1B). Transcriptome analysis (Figure 6-3) 

revealed that the 4 Ig domain-containing gene, already annotated as PIGR, is expressed in 

mucosal tissues, particularly in the intestine. Previous studies have also demonstrated its 

capacity to bind polymeric Ig (Braathen 2007); we conclude it is canonical PIGR. 

Expression of the 3 Ig domain-containing gene, hereafter referred to as PIGR2, was 

restricted to the spleen (though PerC cell-derived RNA was not included in this panel, see 

Figure 5-2). In situ hybridization analysis of splenic cryosections (Figure 4-2C) and 

transcriptional analysis of sorted XL cells (Figure 4-3A) revealed that XL cells express 

PIGR2. PIGR2 is also expressed by PerC macrophages (Figure 5-2). Synteny (Figure 6-

2A) would suggest that PIGR2 is homologous to the mammalian Fcα/µR. However, the 

N-terminal domains (presumably the domains most responsible for Ig-binding) of  
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Figure 6-2:  Phylogenetic analysis of double-disulfide immunoglobulin superfamily. 
Domain 1 (presumed Ig-binding domain) of both Xenopus PIGR and PIGR2 cluster with 
domain 1 of mammalian PIGR and mammalian FCAMR. All other domains from both 
Xenopus PIGR and PIGR2 cluster with additional mammalian PIGR domains (as do all 3 
domains of Coelacanth PIGR). 
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Figure 6-3:  Tissue distribution/expression analysis of Xenopus PIGR and PIGR2. 
Real-time PCR analysis of Xenopus PIGR and PIGR2 expression in indicated tissues, 
plotted as fold expression vs. LMPY. 
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Xenopus PIGR and PIGR2 do not segregate reliably with either mammalian PIGR 

domain 1 or domain 1 of the Fcα/µR (Figure 6-2); further analysis is required to 

determine functional similarities of Xenopus PIGR2, if any, to its mammalian 

orthologues. Nevertheless, these data demonstrate that the initial diversification of the 

bona fide PIGR locus, i.e. the duplication of the original PIGR and acquisition of 

alternative expression/function by the duplicate, occurred in the amphibians. 

 

Ig-binding capacity of Xenopus PIGR2 

As XL cells adsorb IgM (as well as IgX and IgY) at their plasma membrane 

(Figure 5-1BC), and given that canonical PIGR, both in mammals and in Xenopus (as 

well as FcµR and Fcα/µR in mammals), has been proven to bind IgM (Sakamoto 2001, 

Braathen 2007, Kubagawa 2014), we hypothesized that PIGR2 is involved in XL cells’ 

Ig binding. In order to test this hypothesis, we generated FLAG-tagged constructs of both 

PIGR and PIGR2 (Figure 6-4A), and transfected them into HEK-293 cells. Intracellular 

flow cytometric staining confirmed the expression of each construct (Figure 6-4B). To 

test the Ig-binding capacity of each construct, we incubated the transfected cells in serum 

from long-term immune adult frogs to allow serum-derived Ig binding, then stained with 

mAb against IgM, IgX, or IgY (Figure 6-4CD). A small amount of IgM binding was 

detected with the PIGR construct, and much more robust IgM binding was observed with 

the PIGR2 construct. Neither PIGR nor PIGR2 showed significant binding of IgX or IgY. 

However, without an adequate positive control for IgX or IgY binding, these data are 

inconclusive; further investigation is ongoing. We have also generated FLAG-tagged 

constructs encoding only the extracellular domains of both PIGR and PIGR2, with the  
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Figure 6-4: Serum-derived Ig binding by PIGR1- and PIGR2-transfected 293 cells. 
Control cells (transfected with empty vector) were labeled with CellTrace Violet and 
mixed at a 1:4 ratio with either PIGR1- or PIGR2-transfected cells. A. Intracellular 
staining with anti-FLAG mAb to determine percent of cells expressing FLAG-tagged 
PIGR1 (upper panel) or PIGR2 (lower panel) construct. B. Determination of Ig-binding 
capacity of PIGR1-transfected cells. Cells were incubated with (right column) or without 
(left column) serum from an immunized adult frog, then incubated with indicated anti-Ig 
mAb. C. Determination of Ig-binding capacity of PIGR2-transfected cells. Cells were 
incubated with (right column) or without (left column) serum from an immunized adult 
frog, then incubated with indicated anti-Ig mAb. 
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ultimate goal of generating and purifying each for biochemical assays on their relative 

abilities to bind purified IgM, IgX, or IgY (discussed in Chapter 7). 

 

Discussion 

 As shown in Figure 4-3, levels of adsorbed IgM on the surface of splenic XL 

cells from a quiescent animal are minimal, but increase during the course of an acute 

immune response. This suggests an activation-induced upregulation of a cell surface 

protein capable of binding either IgM, IgM-immune complexes, or both – we hypothesize 

that PIGR2 is being upregulated in this manner. Unfortunately, we do not yet have data 

(in situ or transcriptional) regarding the levels of PIGR2 expressed in quiescent XL cells. 

However, the fact that PIGR2 was detected only in the XL cells at the internal perimeter 

of the WP (Figure 4-4B) suggests that its expression is restricted to activated/induced XL 

cells. 

 We therefore propose a model for one mechanism of Ag acquisition by XL cells 

during an acute immune response. One the one hand, Ag-specific B cells would produce 

an initial wave of IgM, capable of forming immune complexes with the immunizing Ag. 

On the other, T cells would stimulate/induce XL cells (see Chapter 5), promoting their 

upregulation of PIGR2. This would allow for surface acquisition of the newly-formed 

IgM:immunogen immune complexes by the XL cells, for presentation to FO B cells upon 

migration into the WP. While this would not strictly ensure acquisition of immunogen 

alone, it would allow for the preferential acquisition of antigen in the context of an acute, 

thymus-dependent immune response. Further, if PIGR2 binds immune complexes more 

readily than IgM alone, Ag acquisition and subsequent presentation by XL cells would be 
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somewhat skewed in favor of Ag against which a significant IgM repertoire exists at the 

time of XL cell stimulation (Figure 6-5). 
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Figure 6-5: Model for PIGR2-mediated Ag acquisition by XL Cells. (A) Interaction 
between XL cell and T cell resulting in the induction of XL cell migration into the WP as 
well as PIGR2 upregulation. (B) Initial B cell stimulation by immunogen, resulting in a 
first wave of IgM secretion and subsequent immune complex formation. (C) Acquisition 
of immune complex by XL cell and presentation to B cells within the WP. 
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Chapter 7: Further Discussion and Future Directions 

 
In these studies, we have gained a better understanding of the progressive changes 

in the ontogeny, structure, evolution, and functional capacity of the splenic WP. We have 

found that the initiating cellular/histological event in the ontogeny of the splenic WP, the 

aggregation of B cells around splenic vasculature to form a nascent follicle, is conserved 

since the appearance of the spleen in the jawed vertebrates. We have also found that the 

ancestral configuration of the WP is characterized by a retention of the B cell follicle 

around splenic vasculature, conserved from the cartilaginous fish to the amphibians, and 

therefore that the displacement of the B cell follicle by the T cell PALS is a recently 

evolved characteristic of the splenic WP (Figure 7-1). 

The segregation of splenic RP and WP, and the separation of the WP into discrete 

T cell and B cell areas all arose in the cartilaginous fish; these characteristics are 

conserved throughout the evolution of the spleen. The ancestral configuration of the WP 

(i.e. the retention of the B cell follicle at the vasculature), however, is not. Given the 

absence of LT in the elasmobranch genome, the role of this cytokine in the induction and 

maintenance of FDC, and the role of FDC in the orchestration of the mammalian WP 

microarchitecture, it is unsurprising, that the nurse shark B cell follicle is retained at the 

splenic vasculature. Without the molecular players necessary for FDC induction, FDC 

would be predicted to be absent from the nurse shark spleen (and, indeed, they have not 

been identified), and without FDC, relocation of an intact B cell follicle would not be 

expected (at least not by the mechanism promoting its relocation in mammals). 

The Xenopus genome, however, contains two cis-duplications of TNFα that gave 

rise to LTα and LTβ, and a cis-duplication of TNFR1 that gave rise to the LTβR (Ohta  
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Figure 7-1: Evolutionary conservation of WP ontogeny and microarchitecture.  The 
initiating cellular/histological event in the ontogeny of the WP is conserved in all jawed 
vertebrates; the displacement of the FO by the PALS is a recently evolved characteristic 
of the mammalian spleen. 
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2006, Qi 2010). Despite the presence of these key molecular players in FDC induction, 

FDC are absent from the Xenopus spleen, and the WP retains the ancestral configuration. 

Thus, the evolution of LTα, LTβ, and the LTβR preceded the cooption of the LTβR-

driven signaling pathway in perivascular mural cells that allows for/promotes their 

differentiation into FDC. Only after the acquisition of both the LTβR and the signaling 

pathways necessary for induction of pre-FDC into FDC would bona fide FDC appear, 

along with the capacity to generate GC, as is the case in mammals. 

This model for the evolution of the WP, in terms of progressive accumulation of 

complexity and the ability to support and promote ever more complex humoral immune 

responses, is, to some extent, confounded by the architecture and function of the WP of 

birds. More precisely, it is confounded by the presence of FDC in the avian WP, and their 

ability to generate GC, in the absence of LT (along with many other immune genes – see 

Chapter 1, and Magor 2013). 

A key piece of information, necessary for the explanation of this apparent 

paradox, is lacking. While neither GC nor FDC have been reported in the reptilian spleen, 

the studies of the reptilian spleen have not been as extensive as those on either the 

amphibian or the avian spleen. It is possible that GC, bona fide FDC, or both, actually do 

appear in reptiles. Further, it is possible that the induction/maturation of the hypothetical 

FDC is LT-dependent, as it is in mammals. Were this the case, it would suggest that the 

evolution of the bona fide FDC lineage occurred in an ancestor common to reptiles, birds, 

and mammals. It would also suggest that the LT-dependence of FDC 

induction/maturation was lost in birds (along with the genes encoding LT), and replaced 

by an alternative/compensatory signaling pathway. Given the differences between the 
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repertoires of immune genes in birds and mammals (e.g. birds have lost RIG-I, have 

neither an immune-proteasome nor a thymo-proteasome, and have greatly increased their 

repertoire of Toll-like receptors) (Magor 2013), such a replacement or alteration of 

signaling pathways is not at all unreasonable to expect.  

Another possibility is that bona fide FDC do not exist in reptiles, and that the 

FDC in the avian spleen are not derived from mesenchymal precursors. There are 

conflicting reports on the lineage of avian FDC. Two groups have demonstrated a 

mammalian FDC-like functionality by the avian FDC. The groups differ, however, on the 

lineage, with one group reporting that the cells are CD45+ and MHCII+, and therefore of 

a hematopoietic lineage (Olah 2013), while the other reports the opposite (Del Cacho 

2009). If the former group is correct, and the avian FDC are of a hematopoietic lineage, 

then both the FDC and GC observed in birds must be the result of convergent evolution. 

Further and more detailed analysis of the reptile WP, particularly in the context of 

an acute immune response, will be necessary to generate a more complete picture of the 

course of WP (and FDC) evolution. Likewise, resolution of the lineage of the avian FDC 

is necessary.  

 

Induction of Perivascular CXCL13 and Initial Recruitment of B Cells 

 While we have demonstrated that the onset of WP ontogeny is marked by 

perivascular B cell aggregation in the nurse shark, frog, and mouse, we have only 

demonstrated perivascular CXCL13 production in the mouse. We had originally intended 

to extend our analysis to both the nurse shark and Xenopus; our proposed analyses are 

discussed below. 
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Nurse Shark 

 We have identified four putative CXCL13 transcripts in an RNAseq library from 

nurse shark spleen by preliminary phylogenetic analysis. Our analysis of these transcripts 

is ongoing; we have spoken with a collaborator (Helen Dooley, U. of Aberdeen) about a 

more robust and all-encompassing phylogenetic analysis, in the hopes of ruling out one or 

more of the CXCL13 candidate transcripts. Ultimately, we plan to analyze both neonatal 

and adult (quiescent and immunized) nurse shark spleen by ISH, predicting that CXCL13 

expression will be detectable at/around the splenic vasculature. 

 

Xenopus 

 Our inability to detect CXCL13-expressing cells in quiescent, adult Xenopus 

spleen is perplexing; CXCL13 expression in quiescent, adult spleen has been confirmed 

by RT-PCR and qPCR (Figure 4-4), yet our ISH analyses (using both standard 

chromogenic and amplified protocols) of splenic cryosections have been, thus far, 

negative for CXCL13. Given the perivascular retention of the B cell follicle, we hold to 

our original hypothesis that CXCL13 is expressed by perivascular cells; we are currently 

exploring alternative means of detecting its expression. Generation of anti-Xeonpus-

CXCL13 antiserum of mAb could prove useful, as it is possible that we could detect 

CXCL13 protein accumulated in the splenic ECM more readily than we could detect low-

level transcripts by ISH. Alternatively, and perhaps more usefully, we could generate a 

transgenic frog, expressing GFP under the control of the CXCL13.  

 We also hold to our original hypothesis that CXCL13 will be expressed by 

perivascular cells in the developing Xenopus spleen. We have, to date, analyzed splenic 
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cryosections from stage 53 tadpole, and found CXCL13 expression in a pattern consistent 

with XL cells (i.e. at the internal perimeter of the WP) (Figure 7-2); we are currently 

processing and preparing spleens from tadpoles between stages 48 and 50 for analysis of 

CXCL13 expression at the onset of WP ontogeny. 

 

Mouse 

 While we have established that CXCL13 production precedes both birth and the 

onset of WP ontogeny in the mouse, we have not yet determined the mechanism of its 

induction. Based on published data demonstrating an increase in CXCL13 expression 

over the course of perinatal development (Vondenhoff 2008), we have hypothesized that 

embryonic CXCL13 expression occurs only at basal levels prior to the induction of pre-

FDC maturation by B cell-expressed LTα1β2. 

 CXCL13 expression is controlled by at least two regulatory elements (Britanova 

2009). One approach to determine the inductive signal responsible for basal CXCL13 

expression in the perivascular cells of the mouse spleen is to determine the chromatin 

modifications and occupancy of the two identified regulatory elements in the perinatal 

spleen. 

 

Future Directions: Mouse 

Differential CXCR5 Signaling in Transitional B Cells 

 The inability of the E18.5 B cells to specifically migrate toward CXCL13 (despite 

their ability to mobilize intracellular calcium upon CXCL13 stimulation) suggests a 

functional uncoupling of CXCR5 from cellular chemotaxis, while their ability to  
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Figure 7-2:  CXCL13 expression in the developing tadpole spleen. In situ 
hybridization analysis of CXCL13 expression, 6uM cryosection from stage 53 tadpole 
spleen (outlined in dashed white). WP is indicated by dashed yellow. 
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specifically migrate towards CXCL12 demonstrates that the MAPK cascade and 

downstream effectors are themselves intact. These observations suggest that the 

uncoupling of CXCR5 from cellular migration occurs at the level of the GRK and/or 

arrestin linking CXCR5 to the MAPK cascade, neither of which as been identified. 

Identification of the individual GRK(s) and arrestin(s) expressed in CXCL13-responsive 

B cells would be the first step toward unraveling this mystery. 

 Ultimately, the regulation of the putative GRK/arrestin responsible for the 

transitional B cells’ acquisition of CXCL13 responsiveness could be analyzed. 

Expression of the signaling intermediate that confers chemotactic responsiveness to 

CXCL13 (and therefore confers access to the SLO) could provide valuable insight into 

the regulation – whether temporal (i.e. cell-intrinsic) or extrinsic – of transitional B cell 

maturation, and therefore into the regulation of peripheral tolerance. 

 

Lineage of the WP Ontogeny-Initiating B Cells 

 Our original hypothesis – indeed, the hypothesis that led to all the work described 

herein – was that the B cells responsible for initiating the ontogeny of the murine WP are 

of a B-1a lineage. As explained in Chapter 3, we have every reason to believe that this 

hypothesis was correct, yet we have not formally proven it to be so. Neither surface 

phenotype nor any mouse model available during the course of these experiments proved 

sufficient to formally identify the lineage of the cells aggregating around the splenic 

vasculature at P0.5. Recently, however, two genes critical for the generation of the B-1a 

but not B-2 lineage have been identified: the atypical IκB protein IκBNS (Pedersen 

2014) and the RNA-binding protein Lin28b (Li 2015, Hardy 2015). As mentioned, we 
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have spoken with Ken Dorshkind (UCLA), who performed the adoptive transfer 

experiments demonstrating the prevalence of transitional, B-1a lineage cells in the 

neontatal spleen (Montecino-Rodriguez 2011, described in Chapter 3), about 

establishing a collaboration to formally identify the lineage of the initiating B cells, and 

we believe that the above genes may prove to be critical tools in this endeavor. 

 

Regulation of Basal CXCL13 Production in the Embryonic Spleen 

 We have discussed several possible approaches for a future dissection of the 

regulation of basal CXCL13 expression by the pre-FDC in the embryonic spleen, all 

rooted in the observation that neuron-derived retinoic acid, specifically from the Vagus 

(10th cranial) nerve, is responsible for CXCL13 production in developing lymph nodes 

(van de Pavert 2009). As the spleen is also innervated by the Vagus, we hypothesize that 

the basal levels of CXCL13 produced in the embryonic spleen are regulated by a similar 

mechanism. We have considered embryonic Vagotomy as well as administration of 

atropine to inhibit Vagal signaling, predicting that either will result in a loss of CXCL13 

production, as well as a delay in or abrogation of WP ontogeny. We have also spoken 

with Dorian McGavern (NIH) about the possibility of utilizing neurotransmitter/receptor 

knockout mice to elucidate the specific signals involved in the induction of CXCL13.  

 

The First Wave of Splenic Plasmablasts? 

 In four independent experiments, we observed a discrete population of B cells in 

the neonatal spleen, characterized by reduced surface IgM expression and elevated 

expression of the chemokine receptor CXCR4 (Figure 7-3); this surface phenotype  
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Figure 7-3:  The first wave of splenic plasmablasts? (A) Flow cytometric analysis of 
the splenic B cell compartment from neonatal mouse. (Left panel) Splenic B lineage cells 
from neonatal mice at indicated time points, each containing an IgMlo population and a 
CXCR4hi population. (Right panel) Splenic B lineage cells at P4.5, representative of later 
experiments in which the IgMlo/CXCR4hi population was undetected. (B) P4.5 
splenocytes further gated to demonstrate that the IgMlo population of CD19+ B cells 
contains the CXCR4hi subpopulation. 
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suggests that the cells were in the process of differentiating into plasmablasts. 

Unfortunately, immediately after developing this hypothesis, we were unable to find this 

cell population again, despite repeated attempts with multiple shipments of timed-

pregnant mice. No differences in husbandry were reported either at our institution or at 

the Jackson Laboratories, from whom we purchased our timed-pregnant female mice. We 

also waited until the following winter to attempt these experiments again, entertaining the 

possibility that the appearance of this cell population was a season-dependent event; it 

was not. 

 While we are still unable to explain the disappearance of this population of cells, 

we hope to resume our search at a later date. Our initial plans include a further 

characterization of the putative plasmablasts by flow cytometry, specifically predicting 

that these cells, in addition to being CXCR4hi and IgMlo, will be Syndecan+, B220lo, and 

positive/high for intracellular IgM. Additionally, we will analyze splenic B cells by 

ELISpot, expecting significant IgM secretion.  

Prior to the disappearance of this putative plasmablast population, we had begun 

speaking with David Artis (U. Penn.) about a possible collaboration, hoping to make use 

of his germ-free mouse facility, hypothesizing that these cells had been activated upon 

exposure to maternal-derived microbiota. We discussed several experiments designed to 

test this hypothesis. The first was to determine whether this wave of plasmablasts 

appeared in germ-free mice, predicting that it would not, which would confirm a role of 

the microbiota in the induction of the putative plasmablasts. Next, we would 

experimentally colonize germ-free mice, predicting that exposure would result in the 

reappearance of this population. Ultimately, we discussed monocolonization with 
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different bacteria, predicting that this would elicit a bacterium-specific response in the 

individual hosts. We hope to pursue these lines of investigation in the future, if we are 

able to detect the putative plasmablast population again. 

 

Future Directions: Xenopus XL Cells 

Functional Analysis of XL Cells 

 While the results described in Chapter 4 provide a compelling argument in favor 

of a functional interaction between XL cells and B cells, and between XL cells and T 

cells, formal proof of this interaction is necessary. To this end, we have proposed three 

lines of in vivo experimentation, described below. 

In an attempt to demonstrate functional interactions between XL cells and B cells 

as well as between XL cells and T cells, we FACS-purified immunogen-bearing XL cells 

from day 9 post-immunization (PE/IFA) animals, then adoptively transferred these cells 

into naïve congenic animals, predicting that the XL cells would be capable of interacting 

with both B cells and T cells, and that these interactions would be evidenced by a serum 

IgY anti-PE response from the recipient animals, which would be indicative of T cell-

dependent B cell activation and CSR. Unfortunately, no PE-specific IgY was detected in 

any of the recipient animals (Figure 7-4). 

 Immunogen is acquired and maintained at the plasma membrane of XL cells. 

Bearing this in mind, and in order to demonstrate a functional interaction between XL 

cells and B cells, we propose to immunize adult frogs with a polyclonal anti-mouse IgG 

antibody, produced in goat (Figure 7-5A). We would then harvest the XL cells and 

incubate them with our FITC-labeled mouse-derived anti-Xenopus IgM mAb (10A9),  
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Figure 7-4:  ELISA analysis of serum IgY anti-PE in XL cell recipient animals. XL 
cells were FACS sorted from day 9 post-immunization animals (see Figure 4-5) and 
injected into quiescent recipient animals, 50,000 cells/animal. 28 days post-injection, 
blood was collected from recipient animals (alongside quiescent and day 28 post-PE/IFA 
immunization controls) and analyzed by ELISA for PE-reactive IgY. OD shown on Y 
axis, and progressive dilutions of serum (from a starting dilution of 1:20) shown on X 
axis. 
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Figure 7-5:  Proposed experiments to determine the interactions between XL cells 
and T/B cells. (A) Proposed experiment to test for XL cell:T cell interaction, in which 
PE-restricted memory cells are induced by immunization, then co-cultured with PE-
bearing XL cells from a day 9 post-immunization animal. T cells will be analyzed for 
activation/proliferation. (B) Proposed experiment to test for XL cell:B cell interaction, in 
which XL cells from day 9 post-immunization (with goat anti-mouse IgG in IFA) are 
incubated with mAb 10A9 (anti-IgM/BCR) to allow for adsorption of 10A9 by the goat 
anti-mouse, then co-cultured with naïve B cells. B cells will be assayed for 
activation/proliferation. 
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which should be bound by the XL cell surface-bound goat anti-mouse IgG, and then 

FACS purify the cells based on FITC positivity. This would provide a population of XL 

cells bearing an anti-BCR Ab, which we would then culture with naïve B cells, the latter 

of which we would subsequently analyze for evidence of activation, cell division, and Ig 

secretion, any of which would indicate a physical and functional interaction between XL 

cells and B cells. 

 To test for a functional interaction between XL cells and T cells, we have 

immunized inbred frogs with PE/IFA to generate a population of PE-reactive memory T 

cells (as quiescent animals would have too low a precursor frequency of PE-reactive T 

cells for analysis). We propose (Figure 7-5B) to next immunize quiescent animals with 

PE/IFA, isolate the XL cells by FACS (as described in Chapter 4), then co-culture the 

XL cells with MACS-purified CD5+ T cells from the memory animals, ultimately 

analyzing the T cells for evidence of activation and/or proliferation, either of which 

would indicate a functional interaction between XL cells and T cells. 

 

Identification and Isolation of XL Cells from Quiescent Animals 

 As our goal in Chapter 4 was to demonstrate the duality of XL cell function in 

the context of an acute immune response, our experiments focused almost exclusively on 

antigen-bearing XL cells from the spleens of immunized animals. Our results did 

indicate, however, differences in gene expression (in addition to sub-splenic localization) 

between quiescent and activated/induced XL cells, which suggests that not only does 

thymus-dependent Ag acquisition and WP immigration occur after immunization, but 

also a functional maturation of the XL cells; the increase in total splenic CXCL13 
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expression, along with the appearance of CXCL13-expressing cells (detectable by ISH) 

after immunization supports this presumption. 

A means of isolating XL cells from the quiescent spleen would be invaluable, 

allowing not only the study the effects of stimulation on XL cells, but also would provide 

a means of analyzing potential XL cell interactions with T and/or B cells in vitro. The 

simplest approach would involve FACS purification of cells from the quiescent spleen 

with high MHC Class II and a high light scatter profile (see Figure 4-3 and 4-4). 

Another potential, and likely cleaner, method of isolating XL cells from the quiescent 

spleen involves the utilization of a dual-transgenic Xenopus model (available to us 

through a collaborator, Jacques Robert, Rochester), in which GFP is expressed under the 

control of the lurp1 promoter (expressed in most myeloid cells) and mCherry is 

expressed under the control of the zebrafish mpeg1 promoter (expressed in macrophages) 

(Paredes 2015). This approach is, of course, dependent upon the expression of lurp1 by 

the XL cells; we will evaluate its expression in both quiescent and immunized animals in 

these animals as soon as possible.  

 

The Primordial Germinal Center Reaction 

 The paucity of antigen-bearing XL cells (and therefore RNA) recovered from 

immunized animals naturally limited the scope of our investigations into the 

transcriptional profile of activated/induced XL cells; we therefore focused the qPCR 

analyses detailed in Chapter 4 on gene products indicative of XL cell lineage and the 

ability of XL cells to interact with/recruit B cells and T cells. Future experiments have 

been planned and will interrogate the expression of additional gene products involved in 
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the stimulation and co-stimulation of B cells and T cells (including IL-4, IL-21, Bcl-6, 

AID, CD80/86). We will also analyze expression of B cell- and T cell-expressed genes, 

focusing on gene products known (in mammals) to be involved in T - B interactions and 

induction/maintenance of the GC reaction. Gene expression analysis on sorted B and T 

cells will, in itself, be inconclusive, as we will be sorting whole splenic B and T cells 

rather than those specifically responding to the immunization (though FACS purification 

of PE-reactive B cells is possible, see Figure 4-3) – we will therefore analyze the 

expression of genes identified by qPCR, as well as the sub-splenic localization of gene-

expressing cells, by ISH. 

 We have also attempted to label cells undergoing a “GC reaction” with PNA; 

surprisingly, by ISH, the entire WP (in both quiescent and immune animals) stained 

positively for PNA, suggesting both B cell and XL cell binding. There may be, however, 

a difference in the fluorescence intensity of PNA staining between B cells and XL cells. 

We propose to attempt resolution of XL cells from B cells by repeating this experiment 

using flow cytometry as opposed to IHC. 

 

Concluding Remarks 

Our studies have produced a better understanding of the evolution of the 

ontogeny, structure, evolution, and functional capacity of the splenic WP, and have raised 

a number of exciting new questions regarding the evolution of SLO in general, and of the 

spleen in particular. We hope that future studies will provide answers to these questions, 

and offer an even more complete picture of the coevolution of adaptive immunity and the 

organs that support it.  
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