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Abstract

B lymphopoiesis is necessary to generate a diverse pool of naïve B cells that are able to respond to 

a broad spectrum of antigens during immune responses to pathogens and to vaccination. Rabbits 

have been utilized for many years to generate high affinity monoclonal and polyclonal antibodies. 

Specific antibodies generated in rabbits have greatly advanced scientific discoveries, but the 

unique qualities of rabbit B cell development have been underappreciated. Unlike in humans and 

mice, where B lymphopoiesis declines in mid to late life, B lymphopoiesis in rabbits arrests early 

in life, between 2–4 months of age. This review focuses on the early loss of B cell development in 

rabbits and the contribution of the bone marrow microenvironment to this process. We also 

propose directions for future research in this area, and discuss how the rabbit can be used as a 

model to understand the decline of B lymphopoiesis that occurs in humans late in life. Such 

studies will be important for developing therapeutics targeted to prevent and/or reverse declining 

B lymphopoiesis in the elderly, as well as boosting immunity and antibody responses after 

infection or vaccination.

1. Introduction

Numerous seminal findings in the area of immunoglobulin (Ig) structure and B cell biology 

were discovered through the study of rabbits. In addition to the Nobel Prize awarded to 

Rodney Porter in 1972 for his studies of rabbit Ig structure (Fleischman et al., 1963), the 

concepts of allotypes (Oudin, 1956) and allelic exclusion (Cebra et al., 1966, Pernis et al., 

1965), the genetics of antibody formation (Feinstein, 1963, Gilman-Sachs et al., 1969, Todd, 

1963), and recognition of the use of gene conversion for somatic diversification of Ig genes 

(Becker and Knight, 1990) were of crucial importance. Another discovery, now considered a 

pillar in B cell biology, showed that rabbit B lymphocytes express surface Ig receptors 

(antibody) (Pernis et al., 1970, Sell and Gell, 1965). This finding led the way to 

understanding the mechanism by which B cells participate in immune responses and in the 

production of high affinity antibody. While the number of immunological studies performed 

in rabbits has waned over the years, recent work reviewed here, continues to advance our 

knowledge of hematopoiesis and the microenvironment in which B cells develop.
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Establishment of a diverse antibody repertoire is imperative to protect a host from 

pathogens, as well as to generate effective immune responses after vaccination. Generation 

of an antibody repertoire is dependent on the production of naïve B lymphocytes during the 

process of B lymphopoiesis. Rabbit B lymphopoiesis, similar to humans and mice, initially 

occurs in the fetal liver (Hayward et al., 1978, McElroy et al., 1981) before moving to the 

bone marrow (BM) after birth. Pre-B cells are first found in the fetal BM during gestation 

d25 and increase in number after birth. Between birth and two weeks of age pre-B cells 

make up 9–19% of rabbit BM hematopoietic cells, but this acutely declines to negligible 

levels at about 2 months of age. By 4 months of age, almost no pro-B or pre-B cells are 

found in the BM (Jasper et al., 2003), in contrast to humans and mice where B-

lymphopoiesis continues at a high level in young adults and its loss is protracted from mid to 

late life (McKenna et al., 2001, Scholz et al., 2013).

Short-lived B lymphopoiesis in the BM does not appear to impair the rabbit’s ability to 

mount antibody responses after immunization, as rabbits are commonly used to generate 

antigen-specific high affinity antibodies. The development of rabbit monoclonal antibody 

technology by Knight and colleagues (Spieker-Polet et al., 1995) has proven to be a valuable 

tool both because rabbits make high affinity antibody, and because they readily produce 

antibodies to antigens that are poorly immunogenic in mice, e.g., carbohydrates (Bystryn et 

al., 1982). For the production of antibody, rabbits are typically immunized as adults, when B 

lymphopoiesis is no longer found in the BM. We will review the studies that provide the 

basis for our current understanding of factors that contribute to the loss of B cell 

development in rabbit BM. Additionally, we propose mechanisms that may help maintain 

immune competency even in the absence of ongoing B lymphopoiesis.

2. Resolution of rabbit B cell progenitor stages

Similar to humans and mice, B cell development in rabbit presumably begins with the 

hematopoietic stem cell (HSC) and progresses through several developmental progenitor 

stages before becoming immature B cells. Many progenitor stages have been identified in 

humans and mice based on phenotypic markers and functions, but this process is less 

defined in rabbit. While the phenotype of rabbit HSCs is undefined, several B lineage 

progenitors have been described. The earliest B lineage progenitor population termed rabbit 

lymphoid progenitor (rLP) was described by Kalis et al. (2007) and defined as cells that bind 

IL-7 and do not express MHC Class II molecules (MHCII−IL-7R+). This population 

expresses Tdt, EBF, and Pax5, and is thought to contain a population of cells equivalent to 

the Common Lymphoid Progenitor (CLP). Downstream of the rLP in the B cell maturation 

scheme is the pro-B cell described by Jasper et al. (2003) as CD79a+ cytoplasmic μ− surface 

μ− (CD79a+Cμ− Sμ−), followed by the pre-B cell CD79a+Cμ+ Sμ− (Hayward et al., 1978, 

Jasper et al., 2003, McElroy et al., 1981), and finally, the B cell CD79a+Cμ+ Sμ+ (Jasper et 

al., 2003, Pernis et al., 1965, Sell and Gell, 1965) (Figure 2).

Similar to B lymphopoiesis in other vertebrates, the maturation of progenitor B cells is 

accompanied by VDJ gene recombination. This process is important for generating a diverse 

pre-immune antibody repertoire that can recognize a broad spectrum of antigens. Jasper et 

al. (2003) detected DJ gene rearrangements in pro-B cells and productive VDJ gene 

Kennedy et al. Page 2

Dev Comp Immunol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rearrangements in purified pre-B cells. Although V(D)J gene recombination occurs in 

rabbits, combinatorial joining of multiple V, D and J gene segments is not the primary 

mechanism by which rabbits expand and generate a large heavy chain antibody repertoire. In 

fact, rabbits primarily utilize only one VH, VH1, the 3′-most VH gene segment, during this 

process (Becker et al., 1990, Friedman et al., 1994, Knight and Becker, 1990, Raman et al., 

1994, Tunyaplin and Knight, 1995). In contrast, the κ light chain repertoire is derived from 

combinatorial joining of numerous Vκ and Jκ, gene segments (Sehgal et al., 1999), although 

the extent to which this increases the functional repertoire has not been studied. The 

diversity of Ig and B cell receptors (BCR) is increased when naïve B cells leave the BM and 

traffic to gut associated lymphoid tissue (GALT) where the Ig genes undergo somatic 

diversification (Figure 1). The major site of somatic diversification is the appendix where 

naïve B cells receive microbe-dependent signals to proliferate and undergo somatic 

diversification by gene conversion and somatic hypermutation to modify their BCRs. Other 

species that use GALT to expand the B cell repertoire by gene conversion or somatic 

hypermutation, include chickens and sheep (Alitheen et al., 2010, Ratcliffe, 2006, Reynaud 

et al., 1987, Reynaud et al., 1995). In chickens, this diverse antibody repertoire develops in 

the bursa of Fabricius prior to birth, while in rabbits, it develops shortly after birth, and 

requires signals from gut bacteria (Rhee et al., 2004). While the expansion and 

diversification of rabbit B cells in the appendix is important for B cell maturation and the 

generation antibody diversity, this process has been reviewed recently (Lanning et al., 2000, 

Mage et al., 2006) and is not the focus of this review. Instead, we focus on B lymphopoiesis 

in the BM, which acts as a source of naïve B cells that seed the appendix for further 

maturation.

3. Early Decline of Rabbit B lymphopoiesis in Bone Marrow

The earliest evidence suggesting that B lymphopoiesis ceases in the BM of young rabbits 

came in the 1960’s, from studies now known as allotype suppression experiments. Neonatal 

rabbits, heterozygous for IgH (heavy chain) allotypes, were injected with anti-paternal IgH 

allotype antibody resulting in the depletion of a specific Ig allotype (Dray, 1962). Recovery 

of the Ig with the suppressed allotype was not found even after two years of age (Eskinazi et 

al., 1979), suggesting either that active allotype-specific suppression was ongoing 

throughout life or that B cell development was arrested. Although low numbers of 

progenitors with the suppressed Ig allotype were reportedly found in rabbit BM (Simons et 

al., 1979), the paternal allotype never recovered, suggesting a block in B cell development 

must exist. In contrast when performing similar allotype suppression experiments, in mice, 

Lalor et al. (1989) found that expression of the suppressed allotype recovered 6 wk after 

suppression, consistent with the idea that B lymphopoiesis does not wane early in life in 

mice.

Rabbit BM was found to support B lymphopoiesis early in life (Hayward et al., 1978), and 

several studies report that the numbers of pro-B cells (Jasper et al., 2003) and pre-B cells 

(Gathings et al., 1981, Gathings et al., 1982, Hayward et al., 1978, McElroy et al., 1981) 

increase soon after birth and decline shortly thereafter. Jasper et al. (2003) used flow 

cytometry to follow the kinetics of the appearance and disappearance of pro-B and pre-B 

cells in BM and found that while pre-B and pro-B cells were at their highest percentage 
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(each representing ~7% of BM hematopoietic cells) between birth and 4 weeks of life, they 

declined to only 1% of the BM cells by 2 months of age, and were undetectable by 4 months 

of age. The authors also found that as the number of B lineage progenitors decreased with 

age, the number of B cells in rabbit BM increased. The increase in mature B cells detected in 

adult rabbit BM is likely due to trafficking of these cells back to the BM from the periphery. 

The absence of B lineage progenitors indicated that B lymphopoiesis is markedly reduced in 

rabbit BM by 2–4 months of age, and no other anatomic site with pro-B or pre-B cells has 

been reported.

Additional data showing that B lymphopoiesis in rabbit BM declines early in life was 

obtained by Crane et al. (1996) who searched for IgH B cell excision circles (BRECs) that 

form during VD and DJ gene rearrangements in developing B lineage progenitors. 

Consistent with decreased numbers of B lineage progenitors in adult BM, the authors found 

that BRECs, which were abundant in newborn BM, were greatly decreased in adult BM. 

Similarly, quantitative studies showed that the highest levels of BRECS were found in BM 

in the first 3 weeks of life; by 2 months of age, they were greatly reduced, and were almost 

undetectable in BM from rabbits more than 4 months of age. These studies show on a 

molecular level, that B lymphopoiesis declines soon after birth in rabbits.

4. What mechanisms contribute to the loss of B cell development?

Decreases in B lymphopoiesis can be due to both intrinsic changes in hematopoietic 

progenitors and/or to extrinsic changes in the BM microenvironment. This topic has been 

widely studied and declining B lymphopoiesis in old mice is now attributed to changes in 

both hematopoietic progenitors and the BM microenvironment (Cho et al., 2008, Kondo et 

al., 1997, Labrie et al., 2004a, Miller and Allman, 2003, Miller and Allman, 2005, 

Montecino-Rodriguez et al., 2013). To determine if there are intrinsic defects in the rabbit 

hematopoietic progenitors, Kalis et al. (2007) enriched the rLP (MHCII−IL-7R+) early B 

lineage progenitor stage of cells from adults and tested if they have an intrinsic defect. When 

cultured in vitro on OP9 BM stromal cells (Holmes and Zuniga-Pflucker, 2009, Kalis et al., 

2007), these cells differentiated into B lineage cells, suggesting that B lineage progenitors 

remained in adults, and were not intrinsically defective. The authors concluded that the 

decline in B lymphopoiesis was likely due to changes in the microenvironment.

BM HSCs from aged mice have increased expression of myeloid lineage genes and 

decreased expression of lymphoid genes compared to HSCs from young BM (Cho et al., 

2008, Guerrettaz et al., 2008, Muller-Sieburg et al., 2004, Rossi et al., 2005). Additionally, 

pro-B cells from BM of aged mice were found to have impaired responsiveness to IL-7 

stimulation (Stephan et al., 1997). Multiple studies have further addressed this issue in vivo 

through transfers of hematopoietic progenitors from aged mouse BM into young irradiated 

recipients, and then assessing the development of B lineage cells. One study found that the 

transferred progenitors only differentiated into myeloid lineage cells (Sudo et al., 2000), 

suggesting intrinsic changes in BM progenitors with age, while other studies found the 

transferred progenitors developed normally into B lineage cells (Chen et al., 1999, Miller 

and Allman, 2005, Morrison et al., 1996). In rabbits, transfer of GFP+ adult rabbit BM cells 

into GFP− young rabbits resulted in the production of GFP+ pre-B cells in the young 
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recipients (Kalis et al., 2007), indicating that changes in the BM microenvironment, rather 

than in the early hematopoietic precursor cells are the major contributor to the decline of B 

lymphopoiesis in adult rabbits. A confounding feature of the in vivo adoptive cell transfer 

studies is that host irradiation is used, which likely changes factors secreted in the 

microenvironment. Therefore, other strategies have been used to search for differences 

between BM from young and adult rabbits.

4.1 Age-related changes in bone marrow

Interactions with BM stromal cells are critical for B lineage progenitors to differentiate into 

immature B cells. BM stromal cells consist of osteoblasts, endothelial cells, and adventitial 

reticular cells, which form niches to support B lymphopoiesis (Calvi et al., 2003, Jacobsen 

and Osmond, 1990, Kiel et al., 2005, Lichtman, 1981, Taichman et al., 1996, Tokoyoda et 

al., 2004, Weiss, 1976). These cells produce important factors for B cell development, such 

as, Interleukin 7 (IL-7) (Hardy et al., 1991, von Freeden-Jeffry et al., 1995), C-X-C motif 

chemokine 12 (CXCL12) (Egawa et al., 2001, Nagasawa et al., 1994), stem cell factor 

(SCF) (Driessen et al., 2003, Waskow et al., 2002), insulin-like growth factor 1 (IGF-1) 

(Gibson et al., 1993), and Flt3 Ligand (Kiel et al., 2005, Tokoyoda et al., 2004). Loss of 

these factors due to genetic deletion, aging, or pathology has a negative impact on B cell 

development. For example, IL-7−/− mice (Tsapogas et al., 2011, Wei et al., 2000), Flt3-L−/− 

mice (McKenna et al., 2000), and IL7Rα−/− Flt3-L−/− mice (Jensen et al., 2008, Sitnicka et 

al., 2003) have impaired B lymphopoiesis. While rabbits with genetic deletions of these 

factors are not available, IL-7 was found to be required for rabbit B cell development in 

vitro (Kalis et al., 2007) and therefore, if decreased in adult rabbit BM, may contribute to 

arrested B lymphopoiesis.

4.2 Changes in bone marrow supportive factors

IL-7 isoforms—BM stromal cells from aged mice secrete less IL-7 than do stromal cells 

from younger mice, and have an impaired capacity to support B lymphopoiesis in vitro 

(Stephan et al., 1998). The decline in B lymphopoiesis in rabbit does not appear to be due to 

decreased levels of IL-7 in BM (Kalis et al., 2007), because by northern blot analysis the 

level of IL-7 transcripts in total BM actually increases with age, rather than decreases. 

Further, analysis of adult rabbit BM revealed an isoform of IL-7, IL-7II, expression of which 

also increases with age (Siewe et al., 2010). IL-7II was expressed in vitro and it was found 

not only to bind the classical IL-7R, but it also showed no evidence of inhibiting B 

lymphopoiesis in vitro, suggesting that this isoform does not contribute to the decline of 

rabbit B cell development. Together, these data suggest that the early loss of rabbit B 

lymphopoiesis is not due to a reduction of the supportive cytokine IL-7.

Periostin—To identify BM stroma-derived supportive factors that decrease with age, 

Siewe et al. (2011) took a global approach to identify microenvironmental changes by 

performing a cDNA representational difference analysis (RDA). This analysis compared 

BM stromal cells, presumably mesenchymal stem cells (MSC), isolated and expanded in 

vitro, from a newborn rabbit to those from a two year old rabbit. The authors found that the 

extracellular matrix protein periostin was the most highly down-regulated protein in stromal 

cells from adult rabbits. To ask if periostin is required for rabbit B lymphopoiesis, Siewe et 
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al. (2011) used a small interfering RNA (siRNA) knock down of periostin in OP9 stromal 

cells and found that in vitro, B lymphopoiesis was inhibited, suggesting that periostin is 

required in vitro. Further microarray analysis of OP9 cells with decreased production of 

periostin showed decreased expression of CXCL12 and IL-7, molecules needed for B cell 

development. While periostin−/− mice have normal B cell development, this study identified 

periostin as an important factor in vitro, that when decreased in vivo, may be compensated 

by other factors. Other molecules found by the cDNA RDA to be down-regulated in stromal 

cells from a 2 year old rabbit included the extracellular matrix components fibronectin, 

collagen type I, and thrombospondin, a ubiquitin Ct hydrolase, the tumor suppressor FAT, 

intersectin (component for endocytosis), and frizzled 4 (WNT signaling), although the 

impact of these factors on B lymphopoiesis, if any, remains to be determined.

5. Age-related changes to the BM microenvironment

While the transfer study (Kalis et al., 2007) suggested that changes in the BM 

microenvironment that occur at two to four months of age are responsible for the decline in 

rabbit B lymphopoiesis, altered expression of a factor that supports B cell development has 

not been identified. Bilwani and Knight (2012) examined BM CFU-Fibroblasts (CFU-F), 

presumably mesenchymal stem cells (MSC) (Mareschi et al., 2012), progenitors of both 

osteoblasts and adipocytes, and found that the number of MSCs in BM declined 

dramatically soon after birth. Further, the MSCs isolated from 9 week to 11-month-old 

rabbits appeared to have a greater propensity to differentiate into adipocytes, rather than 

osteoblasts, than did MSCs from rabbits less than 9 weeks-of-age. These data show that 

conditions in adult rabbit BM favor the generation of adipocytes instead of osteoblasts, 

suggesting that adult rabbit BM contains fewer osteoblasts (which support B lymphopoiesis) 

and a greater number of adipocytes. Consistent with this observation Tavasolli and 

colleagues found a substantial amount of adipose tissue in adult rabbit BM (Bigelow and 

Tavassoli, 1984). The accumulation of adipocytes in BM (femur and tibia) appears to be 

conserved among higher vertebrates, because adipocytes also increase in human and mouse 

BM with age (Chinn et al., 2012, Justesen et al., 2001, Lecka-Czernik et al., 2010, Rosen et 

al., 2009, Tuljapurkar et al., 2011). In these cases, the accumulation of adipocytes occurs 

later in life, coincident with the decline in B lymphopoiesis.

5.1. Adipocytes and myeloid-derived suppressor cells Inhibit B lymphopoiesis

The accumulation of fat occurs in rabbit BM at the time B lymphopoiesis declines, led 

Bilwani and Knight (2012) to test if adipocytes produce molecules that negatively regulate B 

lymphopoiesis. B lymphopoiesis cultures of rabbit BM cells and OP9 stromal cells were 

performed in the presence of adipocyte-conditioned medium (ACM), and they found that the 

production of CD79a+ B lineage cells was greatly inhibited, suggesting that adipocytes 

produce factors that negatively regulate B lymphopoiesis. In similar cultures of progenitors 

from human and mouse BM, ACM also inhibited B lymphopoiesis (Bilwani and Knight, 

2012, Kennedy and Knight, 2015). In fact, the inhibitory activity of ACM appears to be 

conserved between mammals, as we found human, mouse, and rabbit B lymphopoiesis were 

all inhibited by ACM generated from adipocytes of these species interchangeably. Further 

examination of the mouse cultures revealed that ACM not only inhibited B lymphopoiesis, 
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but also promoted the production of CD11b+Gr1+ myeloid-derived suppressor cells 

(MDSC). These MDSCs directly inhibited B lymphopoiesis in cultures without adipocyte 

factors, suggesting that adipocyte-derived factors promote the accumulation of MDSCs 

which then inhibit B lymphopoiesis.

MDSCs are most known for their capacity to inhibit T cell responses (Gabrilovich and 

Nagaraj, 2009), while only few studies have explored their interactions with other cell types 

(Green et al., 2013, Green et al., 2015, Kennedy and Knight, 2015, O’Connor et al., 2015, 

Zhu et al., 2007). Because the identification of MDSCs as suppressors of B lymphopoiesis is 

novel, we became intrigued by how this might be occurring. By cytokine array analysis, we 

found that these MDSCs produce inflammatory factors, most notably IL-1, which was 

identified as the key factor by which MDSCs inhibit B lymphopoiesis (Kennedy and Knight, 

2015). While IL-1 can affect many cell types, we found that the hematopoietic target of 

IL-1-mediated inhibition in our system was the multipotent progenitor (MPP) cell. IL-1 

treatment inhibited B lymphopoiesis by skewing MPP differentiation toward myelopoiesis at 

the expense of B lymphopoiesis. We hypothesize that if this mechanism also occurs in vivo 

in adult rabbits, large amounts of IL-1 and high numbers of myeloid cells will be found in 

the BM by two months of age, the time at which fat accumulates in the BM. Studies are 

currently under investigation in rabbits to determine if MDSCs accumulate in BM by a few 

months of age. It is of interest that CD11b+Gr1+ MDSCs accumulate in BM of 22 month old 

mice (Enioutina et al., 2011), a time at which B lymphopoiesis has declined (Labrie et al., 

2004b, Miller and Allman, 2003, Stephan et al., 1996, Stephan et al., 1997, Stephan et al., 

1998).

Several years ago, Soderberg and colleagues (1984a, 1984b) identified two types of 

suppressor cells in rabbit BM, one of which may be similar to the recently-identified 

MDSCs. The first suppressive cell, an adherent macrophage-like population inhibited 

proliferation and activation of BM cells after immune complex stimulation. While it is not 

known if these cells produce IL-1, this phenotype resembles the monocytic MDSCs induced 

by ACM (Kennedy and Knight, 2015). The other suppressor population found in rabbit BM, 

described as non-adherent FcRγ+ complement receptor negative cells, suppressed baseline 

proliferation of rabbit BM cells. While the lineage of the FcRγ+ suppressor cells was not 

identified, they are not likely MDSCs as they appear similar to natural suppressor 

lymphocytes (T, B, or NK lineage) characterized in mice at the time (Maes et al., 1988). In 

addition to suppressing BM cell proliferation, FcRγ+ suppressor cells were also found to 

inhibit T cell responses and mediate suppressive activity by blocking IL-2 (Maes et al., 

1988, Soderberg, 1985). While this inhibition is due to a soluble factor, the identity of this 

molecule remains unknown. These FcRγ+ cells could be B10(reg) cells (Tedder, 2015) or 

aged B cells (ABC) found to negatively regulate B lymphopoiesis (Ratliff et al., 2013). 

Advancements in cell purification/separation techniques and the availability of additional 

cell-lineage-specific antibodies will allow one to establish the identity of these cells and 

determine if either is similar to the recently identified MDSCs (Kennedy and Knight, 2015).

Adipocyte-derived molecules promote MDSCs, but the adipocyte molecule(s) responsible 

for this has not been identified. We do however, know that MDSCs function in vitro by 

producing IL-1, suggesting that adipocytes trigger IL-1 production in MDSCs. Typically, 
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IL-1β is expressed as a full length, inactive precursor, and inflammasome activation is 

required for cleavage of pro-IL1β into its active form by caspase-1 (Garlanda et al., 2013). 

Adipose tissue is known to produce many inflammasome activators, such as lipid crystals, 

fatty acids, and S100 proteins (Nagareddy et al., 2014, Wen et al., 2011, Youm et al., 2012), 

and we suggest one of these molecules is responsible for the generation or expansion of 

MDSCs, as well as for activation of the inflammasome, although this is yet to be 

determined.

6. Nature of BM adipocytes with increasing age

The accumulation of adipose tissue in 2–4 month old (adolescent) rabbits mirrors the pattern 

of accumulation in humans in which approximately 40–50% of the proximal femur and 70% 

of the tibia are filled with adipose tissue in the elderly (Li et al., 2013). In addition, the 

accumulation of adipocytes occurs coincident with the time when both species exhibit 

declining B lymphopoiesis, making rabbits a unique model for understanding the 

mechanism responsible for the decline in B lymphopoiesis and also for developing 

treatments aimed at restoring B lymphopoiesis in humans. Important issues to be addressed, 

are: What causes adipocyte accumulation in BM; what is the nature of these adipocytes; and 

would a decline in these cells from BM increase B lymphopoiesis?

As discussed above, MSCs from adult rabbit BM cells appear to be skewed toward 

adipocyte differentiation (Bilwani and Knight, 2012), although we cannot be certain if this is 

an intrinsic change in MSCs or an effect of the microenvironment on MSCs. Diascro et al. 

(1998) showed that differentiation of human osteosarcoma, mouse osteoblastic, and rat 

osteosarcoma cell lines to adipocytes was induced by rabbit serum, suggesting that it 

contains pro-adipogenic factors. Biochemical analysis of the active molecules suggested 

they are lipid in nature, specifically, palmitic, oleic, and linoleic free fatty acids. Whether 

serum fatty acids induce epigenetic changes in adult rabbit BM MSCs remains to be 

determined. Another curiosity is the possible connection between WNT-signaling and 

differentiation of adipocytes. Expression of frizzled 4, a receptor for WNT ligands is 

reportedly decreased in rabbit MSC after B lymphopoiesis is arrested (Kalis et al., 2007). 

Decreased WNT signaling in MSCs, which would lead to low levels of active β-catenin, 

could result in differentiation of adipocytes (Sen et al., 2008). Further study will be needed 

to confirm if frizzled 4 expression is decreased in BM stromal cells, and to identify the cause 

of free fatty acid accumulation in serum. The accumulation of fatty acids in serum and 

adipocytes in the BM could be related to life style characteristics such as diet and exercise. 

Therefore, as will be discussed later, perhaps diet and exercise could be modulated to reduce 

BM adipocyte accumulation and the loss of B lymphopoiesis in rabbits and humans.

Understanding BM adipose tissue in humans and mice is of growing interest today, but some 

of the earliest insight into this topic was provided by Tavasoli and colleagues, who identified 

two types of adipocytes in rabbit BM based on staining with performic acid Schiff reagent 

(PFAS) that stains unsaturated fatty acids (Tavassoli, 1976). These adipocytes were 

identified as PFAS+ and PFAS−. PFAS+ adipocytes, now termed regulated marrow adipose 

tissue (rMAT) (Scheller and Rosen, 2014), are found in red marrow where active 

hematopoiesis occurs. The adipocytes of rMAT may act as an energy source for 
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hematopoiesis as rMAT vanishes when rabbit hematopoiesis is stimulated with hemolysis 

agents (Tavassoli, 1976). The second class of adipocyte, PFAS− was identified in yellow 

marrow, and is termed constitutive MAT (cMAT) (Scheller and Rosen, 2014), because the 

volume of cMAT is not responsive when hematopoiesis is induced and is resistant to 

changes in diet. In fact, Tavasoli found that after 10 days of starvation, cMAT in the distal 

tibia was not depleted (Tavassoli, 1974). This finding in rabbits is similar to instances of 

anorexia in humans and calorie restriction in mice where MAT increases, even when total 

peripheral body fat is reduced (Bredella et al., 2009, Devlin et al., 2010). Overall, there is a 

correlation between high MAT volume and low incidence of hematopoiesis (Bigelow and 

Tavassoli, 1984), suggesting BM adipocytes have a negative impact on hematopoiesis. 

Because active hematopoiesis depletes rMAT, and cMAT accumulates with increasing age, 

we suggest that the adipocytes responsible for the loss of B lymphopoiesis are from cMAT.

BM adipocytes in young mice have a brown phenotype, but with aging (24 months), these 

cells lose characteristics of brown adipocytes and retain properties of white adipocytes 

(Krings et al., 2012). This is consistent with the observation in rabbits that yellow marrow 

stromal cells resemble 3t3.L1 white adipocytes (Bainton et al., 1986). Recent studies of 

aging and obesity have identified adipose tissue as a source of inflammatory adipokines and 

danger-associated molecular patterns (DAMPS) (Lago et al., 2007, Wen et al., 2011, Youm 

et al., 2012, Youm et al., 2013), which we suggest may contribute to the loss of B cell 

development, as inflammatory factors are known to negatively regulate B lymphopoiesis 

(Dorshkind, 1988, Hirayama et al., 1994, Kennedy and Knight, 2015, Maeda et al., 2005, 

Maeda et al., 2009, Ratliff et al., 2013).

7. Strategies for restoring B lymphopoiesis

7.1 Calorie restriction and exercise

Growing evidence suggests that pathologies occurring in aging and obesity share 

similarities. Some of these include accumulation of adipocytes in the BM (Adler et al., 2014, 

Chinn et al., 2012, Justesen et al., 2001, Rosen et al., 2009) and thymus (Yang et al., 2009a, 

2009b), increased systemic inflammation (Baylis et al., 2013, Nagareddy et al., 2014, 

Osborn and Olefsky, 2012, Vasto et al., 2007), and reduced B and T lymphopoiesis. Elegant 

studies by Dixit and colleagues linked these phenotypes in the context of thymic involution 

and decreased T lymphopoiesis in mice (Yang et al., 2009a, 2009b, Youm et al., 2012). 

They found that thymic atrophy with aging is accompanied by adipocyte infiltration and 

increased inflammation. Thymic decline is accelerated by a high fat diet (Yang et al., 

2009b), and decelerated by calorie restriction (Yang et al., 2009a), suggesting that adipocyte 

products and diet affect this process. In the context of B lymphopoiesis, Adler et al. (2014) 

found that a high fat diet increased BM adiposity in as little as 6weeks, and resulted in 

decreased B lymphopoiesis. These studies suggest that calorie restriction may lead to 

increased B lymphopoiesis. However, calorie restriction also increases MAT (Cawthorn et 

al., 2014, Devlin et al., 2010), as observed in anorexic patients who have significant 

amounts of BM fat (Bredella et al., 2009). Although calorie restriction has a positive effect 

on thymic health, the increase in MAT leads to an increase in adiponectin (Cawthorn et al., 

2014) which is known to inhibit B lymphopoiesis (Yokota et al., 2003). Consequently, 
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calorie restriction may not improve B lymphopoiesis in fatty BM. Additional studies are 

needed to characterize how calorie restriction changes MAT and determine how these 

changes overall affect B lymphopoiesis.

While calorie restriction does not appear to reduce BM adipose tissue, exercise can decrease 

or prevent adipocyte accumulation in the BM in both healthy and obese mice (Styner et al., 

2014). This effect could be due to mechanical stimulus, because mechanical stimulation of 

MSCs in vitro, lowers PPAR-y signaling which is required for adipogenesis (Case et al., 

2013), and mechanical stimulation of MSCs in vivo, skews MSC differentiation from 

adipocytes to osteoblasts (Rubin et al., 2007). Because osteoblasts support B lymphopoiesis 

and adipocytes inhibit this process (Bilwani and Knight, 2012, Calvi et al., 2003, Kennedy 

and Knight, 2015, Naveiras et al., 2009, Visnjic et al., 2004, Zhang et al., 2003), exercise 

may be beneficial. Because MSCs isolated from older rabbits may undergo decreased WNT 

signaling (Kalis et al., 2007), and because mechanical stretching of MSCs inhibits adipocyte 

differentiation by increasing β-catenin levels (downstream of WNT receptor signaling) 

(Case et al., 2010, Sen et al., 2008), increased exercise may provide a beneficial means to 

reduce BM adipose tissue.

7.2 Inflammation and MDSC accumulation

Adipocyte products lead to both MDSC accumulation (Kennedy and Knight, 2015) and 

inflammation (Coppack, 2001, Lago et al., 2007, Vandanmagsar et al., 2011, Wen et al., 

2011). Therefore, strategies to prevent MDSC accumulation or block inflammation 

downstream of adipocytes may be effective strategies to reverse the loss of B cell 

development. Adipocytes produce danger-associated molecular patterns (DAMPS) e.g., lipid 

crystals (Youm et al., 2012), which trigger inflammasome activation in surrounding cells 

leading to production of inflammatory molecules such as IL-1 (Duewell et al., 2010, Youm 

et al., 2012). In the context of thymic atrophy, mice lacking nod-like receptor NLRP3, which 

acts as a sensor of DAMPs, exhibit delayed atrophy (Youm et al., 2012), suggesting that 

blocking 16 inflammation through NLRP3 is sufficient to delay thymic aging. While 

NLRP3−/− rabbits are currently unavailable to test the requirement of this pathway in the 

decline of B lymphopoiesis, several inhibitors are available. Alternatively, because 

adipocyte-induced MDSCs produce IL-1 downstream of activation by adipocyte-derived 

molecules, blocking IL-1 with IL-1 receptor antagonist (IL-1RA) or depleting MDSCs with 

treatments such as all-trans retinoic acid may be sufficient to restore B lymphopoiesis in 

rabbits and aged humans.

8. Remaining questions and Conclusion

While recent studies reviewed here have advanced our understanding of the mechanisms 

that negatively regulate rabbit B lymphopoiesis (Figure 3), many questions remain. For 

instance, what factors do adipocytes produce to negatively regulate B cell development, and 

how do they function? While adiponectin is known to negatively regulate B lymphopoiesis 

(Yokota et al., 2003) and rabbit BM fat produces adiponectin (Cawthorn et al., 2014), 

adipocytes produce at least one additional factor that can inhibit rabbit B lymphopoiesis 

(Bilwani and Knight, 2012). One such, as-yet-undescribed factor induces the accumulation 

of IL-1-secreting MDSCs, which inhibits B lymphopoiesis (Kennedy and Knight, 2015). It 
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will be interesting to determine if these MDSCs are similar to the macrophage-like 

suppressor cells found in rabbit BM by Soderberg (1984a), or whether another inhibitory 

cell contributes to the decline of B lymphopoiesis. Other important issues include 

understanding what initiates changes in the BM microenvironment and increased fat 

deposition; are MSCs affected by changes in the microenvironment, and to what extent do 

they contribute to the changes; can the microenvironment, especially the large amount of fat 

in adult BM be reversed, and if so, how will this affect hematopoiesis.

Adult rabbits have been used for decades to generate polyclonal and monoclonal antibodies. 

In the absence of significant on-going B lymphopoiesis, how do they maintain the capacity 

to resist infections and produce high affinity antibody following immunization? As 

mentioned earlier, naïve B cells generated in the BM leave and traffic to GALT for further 

diversification and maturation. Does rabbit GALT maintain the antibody repertoire 

throughout life in the absence of ongoing B lymphopoiesis? Are rabbit B cells long lived? A 

study by Raman and Knight (1992) suggests that rabbit B cells may be maintained through 

self-renewal. Rabbit B lymphocytes express CD5, a common marker for mouse B1a cells 

which are maintained by self-renewal throughout life (Forster and Rajewsky, 1987, 

Hayakawa et al., 1985, 1986, Herzenberg et al., 1986, Herzenberg and Kantor, 1993). While 

rabbit B cells resemble mouse B1a cells phenotypically, the ability to self-renew remains to 

be elucidated.

In conclusion, B lymphopoiesis in rabbit BM is a complex process that is regulated by the 

state of the BM microenvironment. Accumulation of adipocytes and suppressor cells in the 

BM likely contribute to a block in B cell development in vivo at the rLP stage. Strategies to 

modulate BM adipocyte phenotype and volume, and to deplete suppressor populations in 

rabbit BM are needed as a possible means for restoring or maintaining B cell development. 

The rabbit model has an advantage, because the decline of B lymphopoiesis occurs in a short 

time interval compared to humans and mice. Knowledge discovered in rabbit can be applied 

to humans to improve B cell immunity and response to vaccines in the elderly.
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• B lymphopoiesis declines in rabbit bone marrow early in life (2–4 months of 

age)

• Bone marrow fills with fat simultaneous to the decline in B lymphopoiesis

• Rabbit is a unique model for studying the decline of B lymphopoiesis in humans

Kennedy et al. Page 19

Dev Comp Immunol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Rabbit B cell development and affinity maturation
B cell development and generation of antibody diversity in rabbits occurs primarily in the 

BM and appendix. Hematopoietic progenitors in the BM differentiate through a series of 

maturation stages resulting in the development of naïve B cells. The BM acts as a source of 

naïve B cells which then travel to appendix in GALT. Here, naïve B cells receive microbe-

mediated signals resulting in proliferation and somatic diversification of Ig genes by gene 

conversion and somatic hypermutation to generate a diverse pre-immune antibody 

repertoire.
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Figure 2. B cell development stages in rabbit BM
Several B lineage progenitors are identified in rabbit BM. The earliest B lineage progenitor 

identified in the B cell development scheme is the rLP, which expresses Tdt, EBF, and Pax5. 

Next is the pro-B cell with successful DJ gene rearrangements in the IgH locus, and the pre-

B cell with successful VDJ gene rearrangements. Finally, IgM+ B cells develop. HSC- 

hematopoietic stem cell, Tdt- terminal deoxynucleotidyl transferase, EBF- early B cell 

factor, Pax5- paired box protein 5, Cμ - cytoplasmic IgM, Sμ - surface IgM
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Figure 3. Proposed mechanisms that contribute to the arrest of B cell development
BM from young rabbits is populated by osteoblasts which support B cell development. At 

this age, osteoblasts, pro-B cells, and pre-B cells are found at their highest numbers in rabbit 

BM. By 2 months of age these populations are greatly decreased. The BM 

microenvironment is the major contributor to the loss of B lymphopoiesis, which appears to 

be blocked at the rLP→pro-B cell stage. In >2 month old rabbits, the BM is filled with 

adipocytes. We hypothesize that adipocytes produce adipokines and DAMPs which lead to 

the accumulation of MDSCs which produce IL-1. We further hypothesize that IL-1 acts on 

rLPs, or yet to-be-defined MPPs, promoting myelopoiesis at the expense of B 

lymphopoiesis.
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Table 1

Antibodies reactive with rabbit immune-related antigens.

Antibody reactivity Clone Specificity

CD1b LAT3 Rabbit

CD3 PC3/188A Rabbit

CD4 Ken4 Rabbit

CD9 MM2 Rabbit

CD10 CD-CALLA Human, cross reacts with rabbit

CD11b 198 Rabbit

CD11b M1/70 Human, mouse, cross reacts with rabbit

CD11c 3/22 Rabbit

CD14 K4 Rabbit

CD14 TÜK4 Human, cross reacts with rabbit

CD20 B9E9 Human, cross reacts with rabbit

CD21 BL13 Human, cross reacts with rabbit

CD23 9P25 Human, cross reacts with rabbit

CD24 M1/169 Mouse, cross reacts with rabbit

CD25 Kei-α1 Rabbit

CD27 LT27 Human, cross reacts with rabbit

CD38 IB6 Human, cross reacts with rabbit

CD43 L11/43 Rabbit

CD44 W4/86 Rabbit

CD62L LAM-1 Human, cross reacts with rabbit

CD79a HM47 Human, cross reacts with rabbit

CD90 5E10 Human, cross reacts with rabbit

BAFF Polyclonal Human, cross reacts with rabbit

BCL6 BL6.02 Human, cross reacts with rabbit

BR3 Polyclonal Human, cross reacts with rabbit

Complement C3 Polyclonal Rabbit

Caspase 3 C92-605 Human, mouse, cross reacts with rabbit

Ki67 B56 Human, cross reacts with rabbit

MHC II 2C4 Rabbit

Anti-Macrophage RAM11 Rabbit

IgM 367 Rabbit

IgA 102 Rabbit

IgG 359 Rabbit

Ig Light Chain Polyclonal Rabbit
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