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Abstract

B lymphopoiesis arrests precipitously in rabbits such that by 2 to 4 months of age, prior to sexual 

maturity, little to no B lymphopoiesis occurs in the bone marrow (BM). Previously, we showed 

that in mice, adipocytes inhibit B lymphopoiesis in vitro by inducing inflammatory myeloid cells 

which produce IL-1β. Here, we characterized rabbit BM after the arrest of B lymphopoiesis and 

found a dramatic increase in fat, increased CD11b+ myeloid cells, and upregulated expression of 

the inflammatory molecules, IL-1β and S100A9 by the myeloid cells. We added BM fat, CD11b+ 

myeloid cells, and recombinant S100A9 to B lymphopoiesis cultures and found that they inhibited 

B lymphopoiesis and enhanced myelopoiesis. Unlike IL-1β which inhibits B lymphopoiesis by 

acting on early lymphoid progenitors, S100A9 inhibits B lymphopoiesis by acting on myeloid 

cells and promoting the release of inflammatory molecules, including IL-1β.

Many molecules produced by adipocytes activate the NLRP3 inflammasome, and the NLRP3 

inhibitor, glybenclamide restored B lymphopoiesis and minimized induction of myeloid cells 

induced by adipocyte-conditioned medium in vitro. We suggest that fat provides an inflammatory 

microenvironment in the BM, and promotes/activates myeloid cells to produce inflammatory 

molecules such as IL-1β and S100A9, which negatively regulate B lymphopoiesis.

Introduction

Aging leads to changes that affect immune cell development and function, resulting in 

decreased immune responses to pathogens and vaccines in the elderly (1–3). Aged mouse 

and human bone marrow (BM) exhibit a decline in B lymphopoiesis, and hematopoiesis 

shifts more toward myelopoiesis (4–9). By microarray analysis, lymphoid-lineage gene 

expression decreases in aged HSCs, whereas the expression of myeloid-lineage genes is 

increased (10, 11). With aging, B lineage progenitors decline, and HSCs are functionally 

more likely to differentiate to myeloid cells than to B lineage cells (10, 11). In addition to 

changes in hematopoietic progenitors, changes to the BM microenvironment also contribute 

to impaired B cell development in aged individuals (5, 12–15). In rabbits, allotype 

suppression experiments (16), as well as the nearly complete loss of B lineage progenitors 
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and B cell recombination excision circles (BRECs) in the BM suggested that B 

lymphopoiesis arrests by 2–4 months of age (17). The transfer of hematopoietic progenitors 

from adult rabbits into young irradiated recipients showed that the decline in B 

lymphopoiesis is likely due primarily to changes in the BM microenvironment rather than to 

hematopoietic progenitors (18). However, further characterization of the BM 

microenvironment is needed to identify key changes responsible for the decline in B 

lymphopoiesis.

Aging in mice and humans is associated with increased BM fat and an inflammatory 

environment referred to as inflammaging (12, 15, 19–21). Increased levels of inflammatory 

cytokines, including IL-1, IL-6, and TNFα, are found in aged BM, and all of these are 

known to negatively regulate B lymphopoiesis, and enhance myelopoiesis (22–28). We 

previously showed that adipocytes inhibit B lymphopoiesis in vitro, and that this inhibition 

is mediated in part, by IL-1 (23, 29). Adipocytes also express other inflammatory molecules, 

such as S100A8 and S100A9 (30, 31), and their expression is increased in multiple tissues 

during aging in mice and humans (32). Whether these inflammatory factors increase in aged 

BM, and inhibit B lymphopoiesis similar to IL-1, IL-6, and TNFα, is not known.

Here we report that the early arrest of B lymphopoiesis in rabbit BM corresponds with 

increases in fat and myeloid cells, both of which inhibit B lymphopoiesis in vitro. In 

addition we show that expression of the inflammatory molecules IL-1β and S100A9, 

produced by myeloid cells is increased in BM at the time B lymphopoiesis arrests, and that 

in vitro, these cytokines inhibit B lymphopoiesis. Further, the inhibition of B lymphopoiesis 

by adipocytes can be partially prevented in vitro, by an inhibitor of the NLRP3 

inflammasome, implicating inflammation as a negative regulator of B lymphopoiesis. We 

suggest that the accelerated decline in B lymphopoiesis makes the rabbit a viable model to 

study inflammaging in BM of humans.

Materials and Methods

Mice, reagents, and flow cytometry

New Zealand White rabbits were maintained at Loyola University Chicago. C57BL/6 

breeding pairs were from the Jackson Laboratory (Bar Harbor, ME). All rabbits and mice 

were used in compliance with protocols approved by the Loyola University Chicago 

Institutional Animal Care and Use Committee. All base media and supplements were 

purchased from GIBCO (Grand Island, NY). Antibodies to rabbit CD11b (M1/70) and 

murine B220 (RA3-6B2), CD19 (6D5), CD11b (M1/70), Gr1 (RB6-8C5), CD3ε 
(145-2C11), CD4 (GK1.5), CD8α (53-6.7), TER-119 (TER-119), CD49b (DX5), CD16/32 

(93), Sca1(D7), CD117 (2B8), CD127 (SB/199), and CD135(A2F10) were from Biolegend 

(San Diego, CA). Antibodies to rabbit S100A8/A9 (MAC387) were from R&D systems 

(Minneapolis, MN) and to rabbit CD79a were from BD Biosciences (San Jose, CA). BD 

Horizon fixable viability stain (BD Biosciences, San Jose, CA) or Fixable Viability Dye 

eFluor 450 (eBioscience, San Diego, CA), was used to exclude dead cells from flow 

cytometric analysis. Flow cytometry was performed using a LSR Fortessa flow cytometer 

(BD Biosciences San Jose, CA). FlowJo software (Tree Star Ashland, OR) was used for all 

flow cytometric analyses. Murine recombinant IL-7, stem cell factor (SCF), Flt3-Ligand 
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(Flt3-L), IL-1β, and human IL-1RA were purchased from Peprotech (Rocky Hill, NJ). 

Murine recombinant S100A8 was from Abcam (Cambridge, MA) and S100A9 was 

purchased from R&D systems.

Generation of BM fat-conditioned medium (BM fat-CM), Adipocyte-conditioned medium 
(ACM), and myeloid-derived suppressor cell-conditioned medium (MDSC-CM)

BM was isolated from rabbit femurs, and fat was separated from the adipocyte-free BM 

pellet by centrifugation. BM fat was then cultured overnight to generate conditioned 

medium. Adipocyte-conditioned medium (ACM) was obtained from 3T3.L1 pre-adipocytes 

which were differentiated into mature adipocytes using isobutyl-methylxanthine (1μM), 

dexamethasone (1μM), and insulin (10μg/ml) (33). Mature adipocytes were cultured in 

serum free DMEM for three days to generate ACM. To generate MDSCs, BM cultures were 

treated with ACM; CD11b+Gr1+ MDSCs were sorted by flow cytometry and cultured for 

three days in serum free αMEM to generate MDSC-CM.

B lymphopoiesis Cultures

All cultures were performed in 96 well plates coated with 1,000 OP9 cells per well, plated 

on day −1. For rabbit B lymphopoiesis cultures, 20,000 BM cells from >2-month-old rabbits 

were added to OP9-coated wells in the presence of human IL-7, SCF, and Flt3L (10ng/ml). 

BM fat-CM and ACM were typically used at 1:4–1:6 dilutions. On day 4, fresh cytokines 

were added to each well; cells were prepared for flow cytometry between days 7 to 10. In 

experiments with added effector cells, 10,000 CD11b− cells or total BM cells were used as a 

source of BM progenitors. In mouse B lymphopoiesis cultures, B220− BM cells (40,000), 

purified HSCs (500-1,-000), MPPs (500-1,000), or CLPs (500-1,000) were cultured with 

OP9 cells in the presence of murine IL-7, SCF, and Flt3L (10ng/ml). Mouse cultures were 

treated as indicated in the figure legends and analyzed by flow cytometry between days 7 

and 10.

qRT-PCR

RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA was 

synthesized. qRT-PCR was performed with a C1000 thermal cycler with CFX96 real-time 

detection system (Bio-Rad, Hercules, CA). Expression for each target gene was normalized 

to a housekeeping gene, HGPRT for rabbit experiments and β-actin for mouse experiments. 

The following primer sets were used (forward and reverse): rabbit HGPRT 5′-

AGCCCCAGCGTTGTGATTAGT-3′, 5′-CATCTCGAGCAAGCCTTTCAG-3′; rabbit 

IL-1β 5′-AGGTCTTGTCAGTCGTTGTG-3′, 5′-GTAGTCATCCCAGTGTGCAG-3′; 

rabbit S100A9 5′-ATCATCAACGTCTTCCACCAG-3′, 5′-

TTATGGCTTTCTCATCCCTCG-3′; mouse β-actin 5′-GGCTGTATTCCCCTCCATCG-3′, 

5′-CCAGTTGGTAACAATGCCATGT-3′; mouse IL-1β 5′-

AAGAGCTTCAGGCAGGCAGTATCA-3′, 5′-ATGAGTCACAGAGGATGGGCTCTT-3′; 

mouse NLRP3 5′-AGAGCCTACAGTTGGGTGAAATG-3, 5′-

CCACGCCTACCAGGAAATCTC-3′; mouse TNFα 5′-

ACGGCATGGATCTCAAAGACAACC-3′, 5′-TGAGATAGCAAATCGGCTGACGGT-3′; 

mouse IL-6 5′-AGACAAAGCCAGAGTCCTTCAGAG-3′, 5′-

TTGGTCCTTAGCCACTCCTTCTGT-3′.
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Bone marrow sections and microscopy

For BM sectioning, the upper bone surface of rabbit femurs was removed with a surgical 

blade, and intact BM was embedded and frozen in OCT (VWR, Batavia, IL). BM sections 

were cut with a cryostat microtome, photographic images of stained sections were captured 

with a Leica DM IRB microscope (Leica Microsystems, Buffalo Grove, IL) and Magnafire 

2.1C camera system and software.

Isolation of cells from BM fat

BM fat obtained after centrifugation of total BM at 300g for 10min, was cultured overnight, 

and then pipetted up and down to release cells. Red blood cells were lysed and the remaining 

cells were used in in vitro experiments. CD11b+ and CD11b− cells were separated using an 

autoMACs Pro separator.

Statistical Analysis

Data were obtained and displayed as indicated in the figure legends. Statistical analysis of 

all experiments was performed using Prism software (GraphPad Software; La Jolla, Ca). 

Statistical tests performed include unpaired two-tailed Student’s t test or analysis of variance 

(ANOVA) in combination with Dunnet’s or Bonferroni’s test for multiple comparisons. * 

P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001.

Results

Developmental changes in rabbit bone marrow fat and myeloid cells

B lymphopoiesis in rabbit BM arrests by 2 to 4 months of age (17), and in mice, we found in 
vitro, that adipocytes inhibit B lymphopoiesis and also enhance myelopoiesis (23, 34). 

Rabbit BM contains large amounts of fat (35), and we sought to determine if the time of B 

lymphopoiesis arrest (17) correlates with the accumulation of fat. Analysis of H&E-stained 

BM sections from 3 wk-old rabbits, when B lymphopoiesis is ongoing, and from 2 to 13-

month-old rabbits, after the arrest of B lymphopoiesis, revealed a dramatic increase in fat 

spaces by 2–3 months of age (Figure 1A). This large amount of fat was apparent in all 

rabbits (n=5) >2 months of age. To test if the BM of >2-month-old rabbits with large fat 

deposits display an increase in myeloid lineage cells, we stained BM for CD11b+ cells. By 

flow cytometry, we found significantly more CD11b+ cells in rabbits >2 months of age than 

in younger rabbits (Figure 1B). Further analysis of these cells revealed that the expression of 

CD11b was higher in the >2-month-old rabbits (Figure 1C), similar to the myeloid cells 

(CD11bhiGr1+) generated in mouse BM cultures treated with adipocyte factors (23). 

Immunofluorescent analysis of BM sections revealed that the CD11bhi cells in older rabbits 

are localized near large fat spaces (Supplementary Figure 1). We conclude that at the time B 

lymphopoiesis arrests, the BM is filled with fat and with increased CD11bhi myeloid cells in 

close proximity to the fat.

IL-1β expression in BM of >2-month-old rabbits

IL-1 is a downstream effector molecule responsible for the adipocyte-driven inhibition of B 

lymphopoiesis, in vitro (23). To test if expression of IL-1β increases with age in rabbit BM, 
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we performed qRT-PCR analysis of BM from <2- and >2-month-old rabbits. As expected, 

BM from >2-month-old rabbits exhibited highly increased expression of IL-1β in CD11b+ 

cells, but not in CD11b− cells (Figure 2). We conclude that at the time B lymphopoiesis 

arrests, rabbit BM exhibits increased levels of IL-1β derived from the myeloid compartment.

Inhibition of B lymphopoiesis by BM fat

In vitro differentiated adipocytes produce factors that inhibit B lymphopoiesis (23), and we 

tested if the fat that accumulates in the BM also inhibits B lymphopoiesis. Fat from >2-

month-old rabbits was cultured to generate conditioned medium (BM fat-CM) (Figure 3A), 

and was added to rabbit B lymphopoiesis cultures of BM cells with OP9 stromal cells in the 

presence of IL-7, SCF, and Flt3L. Compared to untreated cultures, BM fat-CM-treated 

cultures produced significantly fewer CD79a+ B lineage cells (Figure 3B–D), demonstrating 

that BM fat from >2-month-old rabbits indeed inhibits B lymphopoiesis. In mouse BM 

cultures, the inhibition of B lymphopoiesis by adipocytes is accompanied by an increase in 

CD11b+ myeloid cells (23), and here, we find that fat from rabbit BM also induces the 

generation of CD11b+ cells (Figure 3C&E). Because CD11b+ myeloid-derived suppressor 

cells (MDSCs) inhibit B lymphopoiesis (23), and because large numbers of CD11b+ cells 

are associated with fat in the bone marrow (Supplementary Figure 1), we tested if the 

CD11b+ cells associated with fat inhibit B lymphopoiesis. We disrupted BM fat to release 

associated cells, and by flow cytometry, most of the cells (~60%) were CD11b+ myeloid 

cells (data not shown). Purified CD11b+ and CD11b− cells were added to BM cultures, and 

compared to cultures containing CD11b− cells, significantly fewer B lineage (CD79a+) cells 

developed in the cultures with CD11b+ cells isolated from either BM fat or the BM 

adipocyte-free pellet (Figure 3F). We conclude show that CD11b+ myeloid cells within the 

BM inhibit rabbit B lymphopoiesis in vitro.

Inflammasome activation promotes development of CD11b+ MDSCs

In mouse BM cultures, adipocyte conditioned-medium (ACM) induces the accumulation of 

CD11b+ MDSCs, which inhibit B lymphopoiesis (23). Due to a lack of reagents to further 

study this in rabbit, we used mouse BM cultures to elucidate how adipocytes induce 

inhibitory MDSCs. ACM was fractionated using a 10kDa filter, and we found that ACM 

>10kDa induced MDSCs (Figure 3G), whereas ACM <10kDa did not (data not shown), 

indicating that the adipocyte molecules responsible for inducing MDSCs are >10kDa. 

Adipocytes produce numerous inflammatory molecules, including S100A8, S100A9 (30, 

31), complement C3a (36), and lipid products which act as danger-associated molecular 

patterns (DAMPS) (37–41), and are implicated in NLRP3 inflammasome activation. We 

tested if blocking the NLRP3 inflammasome could prevent MDSC induction by adding 

glybenclamide, an inhibitor of NLRP3 inflammasome activation (42–47), to BM cultures 

with ACM (>10kDa). The cultures with glybenclamide had fewer CD11b+Gr1+ cells than 

cultures with ACM alone (Figure 4A&C), suggesting that the development of MDSCs is 

mediated through the NLRP3 inflammasome. Interestingly, the reduction in MDSCs in 

glybenclamide-treated cultures resulted in an increase in B220+ B lineage cells (Figure 4 

B&D). The restoration of B lymphopoiesis to control levels was not complete in all 

experiments, which could be due to the presence of adipocyte factors that act directly on B 

lineage progenitors. Alternatively, higher concentrations of glybenclamide may be needed to 
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completely restore B lymphopoiesis. We conclude that in vitro, glybenclamide inhibits the 

development of MDSCs by ACM, leading to enhanced B cell development.

S100A9 as an inflammatory molecule that inhibits B lymphopoiesis

Several inflammatory molecules produced by adipose tissue, including IL-1, IL-6, and 

TNFα are described as negative regulators of B lymphopoiesis in mammals (22–28). Two 

other known inflammatory molecules, S100A8 and S100A9 are produced by adipose tissue 

and we tested if they also negatively regulate B lymphopoiesis by treating mouse B 

lymphopoiesis cultures with recombinant S100A8 or S100A9. We found a significant 

decrease in B220+ B lineage cells compared to untreated cultures in the presence of either 

S100A8 or S100A9 (Figure 5 A & B). In addition, significantly more CD11b+Gr1+ myeloid 

cells were found in cultures with S100A8 and S100A9 (Figure 5 C&D), similar to cultures 

treated with the inflammatory molecule, IL-1 (23). We conclude that both S100A8 and 

S100A9 inhibit B lymphopoiesis and promote myeloid cell development/survival in vitro.

If the adipocyte-produced molecules, S100A8 and S100A9, contribute to the loss of B 

lymphopoiesis in rabbits, we expected to find elevated levels of these factors in fatty BM 

from >2-month-old rabbits which have arrested B lymphopoiesis. We profiled rabbit BM by 

flow cytometry using an anti-S100A8/S100A9 Ab and found an increase in 

CD11b+S100A8/S100A9+ myeloid cells in BM of older rabbits (Figure 6 A&B). Because 

the anti-S100A8/S100A9 Ab does not discriminate between S100A8 and S100A9, we 

performed qRT-PCR and found that expression of S100A9, but not S100A8 was increased in 

BM of rabbits >2 months old (Figure 6 C&D), suggesting that S100A9 may contribute to the 

arrest of B lymphopoiesis in rabbits >2 months-of-age.

Myeloid cells as target of S100A9

IL-1 inhibits B cell development in vitro at the multi-potent progenitor (MPP) stage, and we 

tested if S100A9 also inhibits B cell development and promotes myeloid cell development/

survival by targeting the MPP stage. FACS-sorted HSCs, MPPs, or CLPs (data not shown) 

were cultured on OP9 cells in the presence or absence of S100A9, and unlike IL-1, S100A9 

did not inhibit B lymphopoiesis in any of the cultures (data not shown). We conclude that 

S100A9 does not directly target progenitors with B-lineage potential, i.e., HSCs, MPPs, or 

CLPs. Because S100A9 inhibited B lymphopoiesis in BM cultures (Figure 5) which 

contained not only B-lineage progenitors, but also other hematopoietic lineage cells, 

including CD11b+Gr1+ myeloid cells, we hypothesized that S100A9 targeted a non-B-

lineage cell. Mature myeloid cells are known to produce pro-inflammatory cytokines in 

response to S100A9 (48), and we hypothesized that the target of S100A9 is myeloid cells. 

We tested this by culturing CD11b+Gr1+ myeloid cells from mouse BM (Figure 7A) with 

S100A9 and used qRT-PCR to quantify the expression of IL-1β, NLRP3, TNFα and IL-6, 

inflammatory mediators known to inhibit B lymphopoiesis. Indeed, S100A9 treatment 

induced an early burst in expression of all four of these inflammatory mediators, with 

increases observed as early as 2 hr after treatment, and generally peaked at 4 hr. We 

conclude that S100A9 functions through myeloid lineage cells to produce molecules that 

inhibit B lymphopoiesis.
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Because IL-1 producing myeloid cells potently inhibit B lymphopoiesis (23) we tested if the 

inhibitory effect of S100A9 is mediated solely through IL-1 activity. B lymphopoiesis 

cultures were treated with S100A9 in the presence or absence of IL-1RA to block IL-1 

activity. Compared to S100A9 alone, cultures containing IL-1RA had an increased 

percentage and number of B lineage cells (Figure 8A &B). While neutralizing IL-1 activity 

increased B lymphopoiesis, it did not fully restore B lineage numbers to untreated controls, 

suggesting that IL-1 partially mediates the inhibitory effect of S100A9. We conclude that 

S100A9 inhibits B lymphopoiesis by inducing the production of IL-1, as well as other 

inflammatory molecules.

Discussion

Rabbit B lymphopoiesis declines at an accelerated rate compared to that of elderly humans 

and aged mice (29, 49–56). In this study, we found that the arrest of B lymphopoiesis in 

young rabbits is associated with increased fat, myeloid cells, and inflammatory molecules, 

conditions similar to those seen in BM of aged humans and mice (4, 10–15, 19, 21, 57–59). 

From in vitro studies, we suggest that BM fat induces and activates myeloid cells to produce 

inflammatory molecules, which in turn, inhibit B lymphopoiesis (Figure 9). Previously, we 

found that in vitro-differentiated adipocytes produce factors that inhibit B lymphopoiesis in 

BM cultures (23, 60), and because the loss of B lymphopoiesis correlates with an increase in 

BM fat, we tested if the fat directly inhibited B lymphopoiesis in vitro. Not only did the fat 

inhibit B lymphopoiesis, but it also promoted myelopoiesis, recapitulating the BM landscape 

after B lymphopoiesis declines. Large numbers of CD11b+ myeloid cells reside within the 

fat, and these cells inhibit B lymphopoiesis, as might be expected since adipocyte factors 

induce inhibitory myeloid cells.

The idea of inhibitory cells in BM was first discussed in the 1980’s when Soderberg and 

colleagues identified two types of “suppressor cells” in rabbit BM. One of these was 

adherent, and had macrophage-like morphology (61), similar to the suppressive cells that we 

found within the CD11b+ myeloid fraction, potentially MDSCs. The other suppressor cells 

were described as non-adherent, FcRγ+, complement receptor negative, and were thought to 

be suppressor lymphocytes (61, 62). If so, based on current knowledge, these cells could be 

Treg cells, IL-10-producing Bregs (63), or inflammatory TNF-producing aged B cells 

(ABCs) (27). We suggest that the 2nd “suppressor cell” of Soderberg (61) is likely an ABC 

because these cells are known to inhibit B cell development and to be increased in BM of 

aged mice (27). MDCSs are also increased in aged BM (4) and if they produce IL-1, we 

expect this would synergize with TNF (28) to skew the BM toward myelopoiesis instead of 

lymphopoiesis. These studies highlight the importance of regulatory cells in the BM which, 

in addition to stromal cells can regulate the microenvironment and B lymphopoiesis.

Our study suggests that the arrest of B lymphopoiesis in rabbits is primarily mediated 

through extrinsic changes to the BM microenvironment. Analysis of BM sections from 

rabbits of various ages showed that adipocytes accumulate by 3 months of age, the same 

time frame that B lymphopoiesis arrests in rabbits (two to four months of age) (17). This 

microenvironmental change was found to impair B lymphopoiesis, as molecules from BM 

fat inhibited B lymphopoiesis in vitro. Consistent with this finding, hematopoietic progenitor 
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cells from older rabbits developed into B lineage cells after transfer into the 

microenvironment of young irradiated recipients (18). Although intrinsic defects in 

hematopoietic progenitors appear to contribute to the decline of B lymphopoiesis in aged 

mice (11, 64, 65), several studies show that changes to the BM microenvironment in aged 

mice can impair B lymphopoiesis (5, 6, 66, 67). Because in rabbits, the arrest of B 

lymphopoiesis is accelerated at a young age, we suggest that the rabbit is a valuable model 

for studying how changes in the BM microenvironment affect hematopoiesis during aging. 

Also, because the accumulation of BM fat in rabbits appears to mimic that of aged humans, 

where 40–50% of the proximal femur and 70% of the tibia fill with adipose tissue (58), 

rabbits should be a good model to understand microenvironmental changes in elderly 

humans.

Analysis of BM sections clearly showed that myeloid cells are in close contact with 

adipocytes in older rabbits, suggesting that these cells may be influenced by adipocyte 

products. In fact, these myeloid cells express IL-1 and inhibit B lymphopoiesis, 

characteristics similar to inhibitory myeloid cells generated in mouse (MDSCs) and rabbit 

BM cultures after treatment with adipocyte factors (23). To elucidate the adipocyte-derived 

molecules that induce inhibitory myeloid cells, we studied mice instead of rabbits because of 

the plethora of reagents available for mice. As others have found (68), we identified several 

molecules, including IL-6, IL-12, G-CSF, and TNFα that induce/activate MDSCs (data not 

shown). Many of these factors are inflammatory molecules, and rabbit BM adipocytes likely 

produce similar inflammatory molecules. The large adipocytes in BM of older rabbits are 

similar to the large adipocytes found in obesity, cells known to induce/activate myeloid cells 

to produce inflammatory molecules (69–71). If fact, we found that the BM myeloid cells 

from older rabbits produce high levels of inflammatory IL-1β and S100A9, molecules that 

contribute to an inflammatory environment.

Our study raises the possibility that by preventing the generation of inhibitory myeloid cells 

and inflammation, B lymphopoiesis could be enhanced. A major pathway that contributes to 

inflammation in aging and obesity is through inflammasome activation (40, 72). The NLRP3 

inflammasome, for example, is critical for integrating danger signals that accumulate during 

aging and obesity, and for triggering active IL-1 production by myeloid lineage cells. Since 

adipocyte-derived molecules induce IL-1 producing myeloid cells (23), it is likely that 

inflammasome activation is involved in the adipocyte-mediated induction of MDSCs and the 

loss of B lymphopoiesis. We found that blocking the NLRP3 inflammasome with 

glybenclamide indeed, inhibited MDSC accumulation, and boosted B lymphopoiesis in 
vitro. Similarly, in mice, deletion of NLRP3 prevented thymic atrophy and the decline of T 

lymphopoiesis (41). These data, in combination with our study, implicate NLRP3 

inflammasome activation in the negative regulation of both B and T lymphopoiesis and 

suggest that targeting the inflammasome pathway could be an effective means to enhance 

production of naïve B cells. We did not test glybenclamide in vivo because the doses needed 

to block the inflammasome could result in hypoglycemia if used on non-diabetic hosts (73) 

However, alternative strategies to reduce NLRP3 inflammasome activation or the use of 

glybenclamide in elderly patients with type 2 diabetes could prove useful as a treatment to 

prevent the induction of inflammasome-activated MDSCs, and lead to enhanced B cell 

development.
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Two recently appreciated inflammatory cytokines, S100A8 and S100A9 are produced by 

adipose tissue and their expression increases during aging and obesity (30, 32). We found 

that the expression of S100A9 in rabbit BM increased as fat and myeloid cells accumulated 

and B lymphopoiesis declined. While the expression of S100A8 did not appear to change, 

this could be because we only analyzed the adipocyte-free BM pellet, and S100A8 is 

produced by mature adipocytes (30, 31). The capacity of both S100A8 and S100A9 to 

inhibit B lymphopoiesis further supports the idea that inflammatory factors negatively 

regulate B cell development. S100A9 did not act on HSCs or MPPs as did IL-1, but instead 

induced the expression of IL-6, TNF, and IL-1β in BM myeloid cells. One interpretation of 

these data is that S100A9 acts to amplify inflammation, a known role of S100A9 in 

inflammatory processes (74). In fact, one study found that while S100A9 monomers are 

relatively unstable, stimulation of cells with the inflammatory factors IL-1β and TNFα 
resulted in the formation of S100A9 homodimers that were highly stable and resistant to 

proteolytic digestion (75). In combination with our findings, these data suggest that S100A9 

inhibits B lymphopoiesis indirectly by acting through BM myeloid cells to amplify the 

production of inflammatory factors, which in turn, inhibit B cell development.

Concluding statement

The rapid decline of B lymphopoiesis in rabbits corresponds with dramatic changes to the 

BM microenvironment. The large increase in fat and myeloid cells seen at the time B 

lymphopoiesis arrests, results in an inflammatory environment that appears to skew 

hematopoiesis toward myelopoiesis and to impair B lymphopoiesis. We suggest that rabbits 

can be used as an accelerated model to study BM changes in humans that lead to skewing of 

hematopoiesis toward myelopoiesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of fat and myeloid cells in rabbit BM before and after the decline in B 
lymphopoiesis
(A) Representative H&E-stained BM sections from femurs of 3-week-old (ongoing B 

lymphopoiesis) and 3-month-old (arrested B lymphopoiesis) rabbits. Fat is visualized as 

white spaces. (B and C) BM was analyzed by flow cytometry for CD11b+ cells. (B) 

Percentage of CD11b+ cells in BM of <2-month-old rabbits (circles) and >2-month-old 

rabbits (squares) n=11. (C) Representative flow cytometric analysis of gated CD11b+ cells 

from a <2-month-old rabbit (ongoing B lymphopoiesis) and a >2-month-old rabbit (arrested 

B lymphopoiesis). Significance in (B) was determined by Student’s t test. Error bars 

represent the average ±SD.
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Figure 2. qRT-PCR analysis of IL-1β expression in rabbit BM
(A) BM from rabbits <2- and >2-month-old; Data are from n = 7; significance was 

determined by Student’s t test. Error bars represent the average ±SD. (B) CD11b+ and 

CD11b− cells isolated from BM of >2-month-old rabbits. Data are the average of 3 

independent experiments. Expression for each sample was normalized to the HGPRT 
housekeeping gene.
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Figure 3. Inhibition of B lymphopoiesis and induction of myelopoiesis by BM fat-derived 
molecules
(A) Diagram of adipocyte layer isolated from centrifuged BM of >2-month-old-rabbits, and 

cultured for 16–24 hr to produce BM FAT-CM, which was added to BM cultures. (B and C) 

Flow cytometric analysis of cells from untreated cultures (no treatment) or cultures treated 

with BM FAT-CM, and stained for expression of CD79a and CD11b. (D&E) Number of (D) 

CD79a+ or (E) CD11b+ cells from untreated cultures (NT) or cultures treated with BM FAT-

CM. Data are representative of four independent experiments. Statistical significance was 

determined using Student’s t test. Error bars represent the average of triplicate wells ±SD. 
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(F) Rabbit BM progenitors (10,000) were cultured on OP9 stromal cells in the presence of 

IL-7, SCF, and Flt3L, with 10,000 of the following effector cells from BM of >2-month-old 

rabbits: CD11b− or CD11b+cells from BM fat; or CD11b+ cells from the adipocyte free 

pellet. Statistical significance compared to untreated samples was determined by ANOVA 

coupled with the Dunnet multiple comparison test (p<0.0001). Data are representative of 3 

independent experiments. Error bars represent the average of triplicate wells ±SD. (G) ACM 

>10kDa was added to cultures of mouse B220− BM cells on OP9 stromal cells, and the 

number of CD11b+Gr1+ cells was assessed at the end of culture. Data are representative of 

three independent experiments. Statistical significance was determined using Students t test. 

Error bars represent the average of triplicate wells ±SD.
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Figure 4. Effect of glybenclamide treatment on ACM induction of CD11b+ Gr1+ MDSCs and 
inhibition of B lymphopoiesis
Untreated (NT) or ACM (>10kDa)-treated mouse B lymphopoiesis cultures were performed 

in the presence or absence of glybenclamide, and the production of CD11b+Gr1+ and B220+ 

cells was assessed. Representative flow cytometry profiles of cells collected at the end of 

culture and stained for expression of (A) CD11b and Gr1 or (B) CD19 and B220. (C and D) 

Percentage of (C) CD11b+Gr1+ or (D) B220+ B lineage cells resulting from the indicated 

treatments. Data are representative of 3 to 4 individual experiments per condition. 

Significance was determined by ANOVA in combination with a Bonferroni multiple 

comparison test (p=0.0005 and p=0.0001 for (C) and (D) respectively). Error bars represent 

the average ±SD.
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Figure 5. Inhibitory effect of S100A8 and S100A9 on B lymphopoiesis
S100A8 or S100A9 was added to mouse B lymphopoiesis cultures. Representative flow 

cytometric analysis of cells collected after no treatment, S100A8, or S100A9 (5μg/ml) 

treatment, stained for B220 and CD19 (A) or CD11b and Gr1 (C). Number of (B) B220+ or 

(D) CD11b+Gr1+ cells. Data are representative of 3 independent experiments. Statistical 

significance in (B&D) was determined by ANOVA coupled with the Dunnet multiple 

comparison test (p<0.0001 and p<0.0001 respectively). Error bars represent the average of 

triplicate wells ±SD.
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Figure 6. Quantitation of S100A8 and S100A9 in BM of rabbits before and after the arrest of B 
lymphopoiesis
Rabbit BM nucleated cells were obtained from the adipocyte-free pellet and analyzed for the 

expression of S100A8 and S100A9. (A) Representative flow cytometry profiles of BM cells 

stained for the expression of CD11b (surface) and S100A8/A9 (intracellular). (B) Percentage 

of CD11b+S100A8/A9+ cells in BM of <2-month-old and >2-month-old rabbits. Data were 

from n=12. Error bars represent the average ±SD. (C and D) qRT-PCR of BM cells from 

rabbits >2- and < 2-months-of-age for expression of (C) S100A8 and (D) S100A9. 

Expression was normalized to HGPRT housekeeping gene. Data are the average from three 

independent experiments. Error bars represent the average ±SD. (B-D) Statistical 

significance was determined by Student’s t test.
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Figure 7. Cytokine expression by CD11b+Gr1+ myeloid progenitors after treatment with S100A9
(A) Flow cytometric profile (CD11b and Gr1 expression) of magnetic bead-purified CD11b+ 

mouse BM cells. (B-E) qRT-PCR of CD11b+Gr1+ cells for expression of (B) IL-1β, (C) 

NLRP3, (D) TNFα, and (E) IL-6 at the indicated time after treatment of CD11b+Gr1+ 

myeloid cells with S100A9. Data are representative of 3 independent experiments.
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Figure 8. Effect of IL-1 in S100A9 treated cultures
S100A9 was added to mouse B lymphopoiesis cultures in the presence or absence of 

IL-1RA. Representative flow cytometric analysis of cells collected after no treatment or 

S100A9 (1μg/ml) treatment with or without IL-1RA, stained for B220 and CD19 (A). 

Number of (B) B220+ cells. Data are representative of 2 independent experiments. Statistical 

significance in (B) was determined by ANOVA coupled with the Bonferroni multiple 

comparison test (p<0.0001). Error bars represent the average of triplicate wells ±SD.
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Figure 9. Depiction of rabbit BM before and after the arrest of B lymphopoiesis
BM from <2-month-old rabbits is characterized by the presence of osteoblasts (support B 

lymphopoiesis) and B lineage progenitors. By 2–4 months-of-age the BM microenvironment 

transforms, and no longer supports B lineage development. The BM of >2-month-old rabbits 

fills with adipocytes and myeloid cells, which produce inflammatory mediators that 

specialize the BM for myelopoiesis.
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