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Key Points

• Mouse inflammation models
cause accumulation of B cells
in the bone marrow within 12
hours and prior to peak
emergency granulopoiesis.

• Marrow B cells undergo
spatial reorganization and are
subjected to an altered
cellular and secreted milieu.

Systemic inflammation perturbs the bone marrow environment by evicting resident B cells

and favoring granulopoiesis over lymphopoiesis. Despite these conditions, a subset of

marrow B cell remains to become activated and produce potent acute immunoglobulin M

(IgM) responses. This discrepancy is currently unresolved and a complete characterization

of early perturbations in theB-cell niche has not been undertaken. Here,we show thatwithin

a few hours of challenging mice with adjuvant or cecal puncture, B cells accumulate in the

bone marrow redistributed away from sinusoid vessels. This response correlates with

enhanced sensitivity to CXC chemokine ligand 12 (CXCL12) but not CXCL13 or CC

chemokine ligand21.Concurrently, anumberofB-cell survivalanddifferentiation factorsare

elevated toproducea transiently supportivemilieu.Disruptinghomingdynamicswith aCXC

chemokine receptor 4 inhibitor reduced the formation of IgM-secreting cells. These data

highlight the rapiditywithwhichperipheral inflammationmodifies themarrowcompartment,

and demonstrate that such modifications regulate acute IgM production within this organ.

Furthermore, our study indicates that conversion to a state of emergency granulopoiesis is temporally delayed, allowing B cells

opportunity to respond to antigen. (Blood. 2015;126(10):1184-1192)

Introduction

For themajority of adult mouse and humanB cells, development occurs
in the bonemarrow before final splenicmaturation. It is well recognized
that a variety of cellular and secreted factorswithin this organ collaborate
to provide niches important in maintaining normal B-cell development.
For example, parenchymal stromal cells have been shown to secrete
IL-7, which is critical for the differentiation and proliferation of pre-
B cells.1,2 Another group of stromal cells produces CXC chemokine
ligand 12 (CXCL12), a chemokine regulating early pre-pro-B-cell
generation aswell as themovement and homing of all B-cell progenitors
within the bone marrow.1,3 Recently, it has been demonstrated that
reduced responsivenessof immatureand transitionalBcells toCXCL12,
mediated by downregulation of the receptor CXC chemokine receptor 4
(CXCR4), attracts them to bone marrow sinusoids and eventually into
circulation.4 The sinusoids themselves represent a niche supportive of
B-cell survival and immatureBcells load inside sinusoids before leaving
for the periphery.5,6 These sinusoids, and adjacent architecture, support
a sizable population of “recirculating” B cells composed of naive im-
munoglobulin D1 (IgD1) mature cells. The majority of this population
are cells that passed through splenic maturation whereas roughly a third
completed development within the bone marrow itself.7-9 Survival
factors, such as macrophage migration inhibitory factor and B cell
activating factor, are provided by the cohabitation of dendritic cells

and likely a subset of DX51Thy-1lo granulocytes.10-13 T cells are
also found in close association.10

Although clearly a central lymphoid organ, various studies indicate
that the bone marrow has a far more dynamic and multifunctional
nature than typically appreciated. The bone marrow supports an
important plasma cell niche, is a site of potent T-cell priming, and
mature bonemarrowB cells have been shown to respondwithin 4 days
to Salmonella infection to produce bacterial specific IgM.7,14,15 Using
either adjuvant or infection models, it has also been observed that
lymphopoiesis is rapidly repressed and B cells make an exodus to the
periphery mediated by reduced availability of CXCL12.16,17 This
phenomenon is thought to make way for emergency granulopoiesis,
a condition of elevated granulocyte maturation that occurs to replace
innate immune cells, which may have been lost in the initial onslaught
against a pathogen.18,19 However, this model does not explain how
bone marrow B cells are able to produce antibody responses despite
apparent instability of the population and their environment.

In the current study, we challenged mice with intraperitoneally in-
jected incomplete Freund adjuvant (IFA), or by cecal puncture, and ex-
amined the very early influences of systemic inflammation on the bone
marrowB-cell compartment.We show that, in the first hours following
onset of inflammation, there is a large accumulation ofmatureB cells in
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the bone marrow. This response correlates with enhanced B-cell sen-
sitivity toCXCL12downstreamof extrinsic interleukin1 receptor (IL-1R)
signaling. These effects are demonstrated to alter B-cell organization
within the bone marrow itself; mature and immature B cells exhibit
reduced localization to the sinusoids. Concurrently, a number of envi-
ronmental modifications occur, including increases in both secreted
cytokines and cellular components, indicating that acute inflam-
mation transiently produces a bone marrow environment favorable
for themaintenanceanddifferentiationofmatureB cells. Furthermore,
we observe that disruption of this accumulation process with a
CXCR4 inhibitor attenuates acute-phase IgM production.

Methods

Mice

C57BL/6 (CD45.2 and CD45.1), Rag12/2, and Il1r12/2 mice were purchased
from The Jackson Laboratory and housed under specific pathogen-free con-
ditions in the animal facilities of Princess Margaret Cancer Centre, University
Health Network (UHN). Il1r12/2 mice were bred in our animal facilities.
Experimental mice were 7- to 16-week-old females and individual experiments
always compared littermates. All experiments were approved by the UHN
Animal Care Committee. IFA (Sigma) was prepared immediately prior to
injection by vortexing IFA 1:1 with phosphate-buffered saline (PBS) for
30 minutes. Each mouse was injected intraperitoneally (i.p.) with 300 mL.
Control mice were either injected with PBS or untreated, as indicated. Some
mice simultaneously received lipopolysaccharide (LPS) at 0.5 mg/kg, or
1 mg/kg AMD3100 i.p. For splenectomy, mice were started on Baytril (Bayer)
1 week prior to surgery. Experiments were performed at least 2 weeks after
surgery. FTY-720 was administered at 1 mg/kg. Cecal puncture was performed
using a 23G needle tomake a single puncture completely through the cecum and
a small drop of feces extruded through the puncture. This is an adaptation from
our previously described technique.20 Sham surgeries were conducted with the
same pre- and postoperative procedures as treatment groups and the peritoneal
cavity opened. In vivo sinusoidal labeling was accomplished by IV injection of
500 ng of rat anti-mouse B220 (RA3-6B2; eBioscience) or anti-Gr-1 (RB6-8C5;
eBioscience) 5 minutes prior to euthanasia.

Cell isolation and flow cytometry

Single-cell bone marrow suspensions were made by flushing femurs and
tibiae with PBS 1 2% fetal calf serum (FCS). Spleen cells were isolated by
mashing each spleen through a 40-mm cell strainer in PBS1 2% FCS. Blood
was collected by cardiac puncture. All cell suspensions were treated with
ACK buffer for red cell lysis. For flow cytometry, cell suspensions were
stained: fluorescein isothiocyanate (FITC)–anti-FAS (2E7; BDBiosciences),
FITC–anti-CD80 (16-10A1; BD Biosciences), FITC–anti-CD41 (MWReg30;
BioLegend), FITC–anti-Gr-1 (RB6-8C5; eBioscience), phycoerythrin (PE)–anti-
Ki67 (SolA15; eBioscience), PE–anti-CD86 (GL1; BioLegend), PE–anti-CD256
(A3D8; BioLegend), PE–anti-CD93 (AA4.1; BioLegend), PE–anti-CD11b
(M1/70), biotin-conjugated peanut agglutinin (PNA; Sigma), biotin–anti-
CD49b (DX5; BD Biosciences), biotin–anti-CD23 (B3B4; BioLegend),
biotin–anti-CD69 (H1.2F3; BD Biosciences), streptavidin–peridinin chloro-
phyll (PERCP; BioLegend), biotin–anti-CD11c (N418; BioLegend), allophy-
cocyanin (APC)–anti-CD19 (1D3; BioLegend), APC–anti-CXCR4 (2B11;
eBioscience), APC–anti-CD21/35 (7E9; BioLegend), APC–anti-CD43 (S7;
BioLegend), APC–anti-major histocompatibility complex II (MHCII)
(M5/114.15.2; BioLegend), Alexa 647–anti-SiglecF (E50-2440; BD
Pharmingen), PE-CY7–anti-IgM (B12.15F9; eBioscience), PE-CY7–anti-
CD90.2 (53-2.1; eBioscience), eFluor450–anti-IgD (11-26; eBioscience),
Pacific Blue–anti-CD45.2 (104; BioLegend). Dead cells were excluded with
Zombie UV Fixable viability dye (BioLegend). The FOXP3/Transcription
Factor Staining Buffer Set (eBioscience) was used for intracellular antigens.
For cell cycle analysis, DNA was stained with 4,6 diamidino-2-phenylindole
(DAPI; BioLegend). Flow cytometry was conducted using an LSRFortessa
5-laser (325; 405; 488; 561; 632) configuration (BD Biosciences).

Enumeration of total organ cell numbers

Immediately prior to analysis, isolated cell suspensions were diluted in Trypan
Blue (Sigma) and live cells countedusingahemocytometer.To calculate the total
bone marrow number, the percentage of flow cytometry gated live cells was
multiplied by 10.6 because radiographic isotype distribution studies demonstrate
that 1 mouse femur and tibia contain 9.4% of the total marrow.7,21

Chemotaxis assays

Total bone marrow was suspended in OPTI-MEM medium (Life Technolo-
gies), supplemented with 5% FCS (Life Technologies), and 5.5 3 1025 M
b-mercaptoethanol. Cells (1 3 106) were plated in the top chamber of a
transwell with a 5-mm pore size (Costar). Media containing recombinant
CXCL12 (100 ng/mL), CXCL13 (500 ng/mL), or CC chemokine ligand 21
(CCL21) (250 ng/mL; R&D Systems) was added to the bottom chamber.
After incubating for 3 hours at 37°C, 5% CO2, cells in the bottom chamber
were counted and analyzed by flow cytometry. Normalized percent che-
motaxis was calculated by comparing bottom chamber cell population
counts with input numbers. This was done for both control and IFA samples
to normalize for differences in the input population composition.

Adoptive transfer and mixed bone marrow chimeras

IgD1 splenic cells were sorted by fluorescence-activated cell sorter (FACS) and
5 3 106 of cells were injected IV into recipients immediately prior to IFA
challenge. CD45.2 IL-1R–deficient CD191 splenic cells were isolated from
naive mice bymagnetic-activated cell sorting (MACS; StemCell Technologies)
and 53106 of cells were injected IV into CD45.1wild-type recipients. Tomake
mixed bone marrow chimeras, CD45.1 wild-type mice were irradiated with 950
rad and IV injectedwith 13106 each ofCD45.2 Il1r12/2andCD45.1wild-type
total bone marrow.Mice were maintained on Baytril (Bayer) for 1 week prior
and 2 weeks postirradiation. We allowed 6 weeks for reconstitution before
challenging with IFA.

Enzyme-linked immunospot

Ninety-six-well polyvinylidene difluoride (PVDF) filter plates (Millipore)
were prewetted with 70% ethanol and then coated with 10mg/mL polyclonal
anti-IgM (The Jackson Laboratory) in PBS. After blocking with OPTI-MEM
medium containing 5%FCS, 53 105 total bonemarrow cells were plated and
incubated overnight at 37°C before detecting with polyclonal horseradish
peroxidase (HRP)–anti-IgM (Sigma). Spots were developed with 3-amino-9-
ethyl-carbazole (AEC; Sigma) and counted using ImmunoSpot analysis software
(Cellular Technology Limited).

Cytokine analysis

To collect bonemarrow extracellular fluid, 1 tibia and femur were centrifuged in
a microfuge tube at 3000 rcf. The resulting pellet was resuspended in 100 mL of
PBSandcentrifugedonceagain.These supernatantswereanalyzed inamultiplex
cytokine array (EveTechnologies). CXCL12was enumerated by enzyme-linked
immunosorbent assay (ELISA; R&D Systems).

Statistical analysis

All statistical analysis was performed using Prism (GraphPad Software). For
most data, statistical significance was determined using a Student t test. Figures
1C-D, 3E, and 7Cwere analyzed using a 1-way analysis of variance (ANOVA)
and Dunnett or Bonferroni post test. +P# .05; ++P# .01; +++P# .001.

Results

B cells rapidly accumulate in the bone marrow during

acute inflammation

Asbacterial sepsis canquickly cause severemorbidity,wewere prompted
to assess the speed with which bone marrow B cells are affected by
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systemic inflammation.22Within 12 hours we observed a near doubling
of IgD1 B cells in the bone marrow of mice challenged i.p. with
IFA (Figure 1A).17 This expansion was also evident 12 hours fol-
lowing cecal puncture (Figure 1A). Detailed analysis after IFA

administration demonstrated that B cells began expanding in the first
few hours, peaked around 15 hours, and declined to below normal
levels by 42 hours (Figure 1B). We also observed a slight, but
statistically significant, increase in pro- and pre-B cells 12 hours

Figure 1. During systemic inflammation B cells

accumulate in the bone marrow prior to full onset

of emergency granulopoiesis. (A) Representative

flow plots and IgD1 bone marrow cell numbers fol-

lowing IFA and lethal dose90 cecal puncture as com-

pared with PBS or sham mice. Data are pooled from

3 independent experiments and each point indicates

an individual mouse. The bar represents the popula-

tion mean. (B) IgD1 cell numbers plotted over time.

The experiment was repeated twice, n 5 5 at

each time point and error bars are SD. (C) Immature

B cells (CD191IgD2IgM1CD931), and pro-/pre-B

(CD191IgD2IgM2CD931) were enumerated. Data

are pooled from 4 (IFA) or 2 independent experiments

(cecal puncture). (D). Granulocyte progenitors and

mature neutrophils were followed in a time course.

The experiment was repeated twice, n 5 5 at

each time point and error bars are SD. +P # .05;
++P # .01; +++P # .001 by unpaired Student t test,

or 1-way ANOVA and Dunnett post test.

Figure 2. The expanded IgD1 population is composed mostly of naive, nonproliferating, B-2 lineage cells. (A) The cellular phenotype of bone marrow IgD1 cells was

determined by flow cytometry 12 hours following IFA injection. Representative flow plots are shown. CD11b1 and CD431 cells were enumerated across 2 independent

experiments. (B) Fixed and permeablized bone marrow cells were stained with DAPI and B-cell makers to analyze cell cycle. Shown is a representative histogram comparing

naive and IFA mice at 12 hours. The percentage of IgD1 cells in each cell cycle phase was tabulated and is graphed, n 5 5 in each group and error bars are SEM. (C) Bone

marrow populations were stained for intracellular Ki67. A representative histogram for IgD1 and progenitor populations is shown. The experiment was repeated twice.
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following both IFA administration and cecal puncture. A very
modest expansion of immature B cells was evident after IFA
treatment, but not cecal puncture (Figure 1C).

Given the known correlation between emergency granulopoiesis
and B-cell populations, we examined the frequency of myeloid subsets
during the same time frameexplored forBcells.Using themarkersGr-1
and CD11b, we noted that although mature cells (Gr-1hiCD11b1)
rapidly declined, there was no change to the progenitor population
(Gr-1loCD11b1) until 42 hours after IFA treatment. This coincided
with replenishment of Gr-1hiCD11b1 cells (Figure 1D).18

A detailed flow cytometric examination of surface markers con-
firmed that the excessB cellswere largelymature, naive, and of theB-2
lineage. Gating on the IgD1 population revealed that these cells main-
tained normal expression of IgM, CD21, CD23, and were not positive
for the activation markers CD69, CD80, or CD86. There was also no
change in the absolute number of IgD1CD431 or IgD1CD11b1 cells
(Figure 2A). To determine whether this expanded B-cell population
was the result of local proliferation, we examined proliferative activity
by cell cycle analysis and Ki67 staining. Neither measure indicated
a difference from control (Figure 2B-C).

Expanded IgD1 cells are derived from the blood

recirculating lymphocyte pool

To further examine B-cell dynamics after IFA injection, we quanti-
fied B-cell populations in the peripheral blood and spleen. A sizable
reduction of the splenic follicular B-cell compartment (CD191CD231

CD21/351) was evident, but the number of marginal zone B cells
(CD191CD23lo/2CD21hi) remained unchanged (Figure 3A). Simi-
larly, within 6 hours there was a decrease in peripheral blood B cells
(Figure 3B). The axillary and inguinal lymph nodes also exhibited
fewer IgD1 cells but an expansion of this population was observed in

the draining mesenteric lymph node (Figure 3C). As we suspected,
these changes reflected movement of peripheral B cells into the bone
marrow we adoptively transferred labeled IgD1 cells from naive
spleens immediately prior to treating recipients with IFA (Figure 3D).

To confirm splenic contribution, we challenged splenectomized
mice with IFA. In agreement with previous studies, splenectomy
expanded the bone marrow B-cell compartment.8,23 However, we
found that these mice had comparatively unchanged numbers of
IgD1 cells 12 hours following IFA injection (Figure 3E). Although
this implicates splenic B cells as source of cell accumulation in the
bonemarrow,we noted that treatmentwith FTY-720, a S1PRagonist
which sequesters B cells in secondary lymphoid organs, yielded
similar attenuation of IgD1 expansion (Figure 3E).24 Furthermore,
splenectomy itself induced lymphopenia (Figure 3F).

Inflammation enhances B-cell sensitivity to CXCL12

We hypothesized that B-cell mobilization would be dependent on
chemokine activity. Various chemokines have a critical role in B-cell
trafficking, both in inflammation and in steady state.24,25 The CXCR4-
CXCL12 axis is particularly important in controlling B-cell homing
to and from the bone marrow.4 It was previously demonstrated that
CXCL12 message within the bone marrow decreases 3 days after IFA
treatment and this contributed to the loss of bone marrow B cells.17,18

We could find no indication of reduced CXCL12 12 hours after IFA
(Figure 4A). However, various stimuli (including inflammatory) are
capable of modifying the sensitivity of chemokine receptors for their
ligand.26 To see if a sensitization effect occurred after acute inflam-
mation,we conducted chemotaxis assays comparingB cells fromcontrol
animals to those that had undergone cecal puncture or were injected
with IFA. All bone marrow B cells from treated animals had greater
chemotactic, but not chemokinetic, efficiency toward CXCL12 than

Figure 3. Accumulating B cells are derived from

the recirculating lymphocyte pool. (A) Splenic

follicular (CD191CD231CD211) and marginal zone

(CD191CD23loCD21hi) B-cell populations were quan-

tified following IFA treatment. Data are pooled from 2

experiments. (B) Blood B cells were enumerated by

flow cytometry. Data are pooled from 2 independent

experiments. (C) Single axillary and inguinal lymph

nodes were pooled and analyzed together with

mesenteric lymph nodes by flow cytometry. Data are

pooled from 2 independent experiments. (D) Splenic

IgD1 cells were sorted by FACS and labeled with Cell

Tracker Orange before IV injection. Data are from 2

experiments. (E) Two weeks after splenectomy mice

were challenged with IFA for bone marrow analysis. In

additional experiments intact or splenectomized mice

were treated with FTY-720 immediately prior to IFA.

Data are from 2 or 3 experiments. (F) B-cell blood

counts are compared between the data from (B) and

splenectomized mice. Data are pooled from 2

experiments.
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cells from control mice (Figure 4B-D). To determine whether enhanced
chemotaxis occurred with other chemokines, we repeated the experi-
ments to include CXCL13 and CCL21. In contrast to CXCL12, there
was no difference in chemotaxis (Figure 4E). Furthermore, injection of
the CXCR4-specific inhibitor, AMD3100, was sufficient to rapidly
counteract IgD1 cell accumulation and mobilize these cells from the
bone marrow (Figure 4F).

Given the apparent specificity of IFA in enhancing CXCL12-
driven chemotaxis, we assayed CXCR4 expression on B cells after
IFA treatment. Flow cytometric analysis indicated normal surface
levels on IgD1 cells and a reduction on progenitors (Figure 4G-H).As
increased CXCR4 function and ligand-induced internalization could
produce surface downregulation, we compared cells assayed directly
ex vivo and those rested 1 hour inmedia containing 5% bovine serum
albumin (BSA). In both cases surface and intracellular CXCR4 levels
remained unchanged with IFA (Figure 4H). Previously, it has been
shown that cells can be primed to have enhanced responses to
CXCL12 gradients by recruitment of CXCR4 into cholesterol-rich
membrane lipid rafts.27 To determine whether chemotactic enhance-
ment could be suppressed by cholesterol depletion,we incubated cells
1 hour with the cholesterol chelator methyl-b-cyclodextran. This
treatment abrogated IFA responses (Figure 4I).

B-cell extrinsic IL-1R signaling is upstream of enhanced

CXCL12 sensitivity and IgD1 bone marrow accumulation

To determine which of the inflammatory pathways induced by perito-
neal IFA injection are responsible for enhancing CXCL12-mediated
chemotaxis, we analyzed Il1r12/2mice for B-cell accumulation. These
mice,while immunocompromised, as shownby reduced survival during
sepsis, react at least partially to IFA challenge.28 Granulocyte colony-

stimulating factor (G-CSF), which is rapidly and copiously produced in
this model, appears to reach near wild-type levels in the serum and there
were expected levels of granulocyte mobilization (data not shown). As
shown in Figure 5A, 12 hours following IFA injection there was no
significant accumulation of IgD1 cells in the bone marrow of Il1r12/2

mice. Moreover, B cells migrated with equal efficiency in CXCL12
chemotaxis assays comparing control and treated knockout animals
(Figure 5B). Several reports indicate that B cells can express IL-1 type I
receptors, especially under inflammatory conditions, so we took
a 2-pronged approach to determine whether intrinsic IL-1 signaling
modified CXCL12 responses.29,30 First, we generated mixed bone
marrow chimeras by injection of an equal ratio of CD45.2 Il1r12/2 and
CD45.1 wild-type bone marrow cells into CD45.1 lethally irradiated
recipients. After allowing 6 weeks for reconstitution, we challenged with
IFA and plated pooled total bonemarrow in aCXCL12 chemotaxis assay
as before. Enumerating the response of CD45.1 and CD45.2 IgD1 cells
individually, we note that in 5 of 6 IFA wells there was an increase in
chemotaxis as compared with wells from control mice. Importantly, in
these 6 wells, there was no difference in the fold change (IFA/naive)
in chemotaxis when comparing CD45.1 to CD45.2 cells (Figure 5C). In
a parallel approach, we adoptively transferred 53106 CD191 cells from
naive Il1r12/2 CD45.2 mice into wild-type CD45.1 recipients
immediately preceding IFA injection. Twelve hours later, the absolute
number of donor IL-1R–deficient B cells was significantly increased in
recipient bone marrow (Figure 5D).

IFA alters B-cell localization as well as the marrow milieu

Given our observation that B cells demonstrate increased migratory
response to CXCL12, we next tested whether inflammation changed
the localization of B cells within the marrow itself. To do so, we

Figure 4. Inflammation enhances B-cell sensitivity

to CXCL12. (A) CXCL12 was measured in bone

marrow extracellular fluid from 1 femur and tibia. Data

are pooled from 3 experiments. (B-C) Twelve hours

after challenging mice with IFA or cecal puncture,

total bone marrow pooled from 3 mice was plated in

a transwell to measure migration toward CXCL12.

Data are representative of 3 independent experi-

ments. (D) Chemokinetic potential was examined by

adding CXCL12 in equal concentrations to both the

transwell top and bottom chambers. Graph is repre-

sentative of 2 independent experiments. (E) Chemo-

taxis assays for CXCL13 and CCL21 as compared

with CXCL12. Each point represents the mean fold

change in chemotaxis for an independent experiment.

(F) IFA-treated mice were injected IP with 1 mg/kg

AMD3100 1 hour prior to analysis. Data are pooled

from 2 experiments. (G-H) B-cell expression level of

CXCR4 was determined by flow cytometry measure-

ment of median fluorescence intensity. (G) Error bars

indicate standard error of the mean (SEM) and graph

is a representative experiment, where n 5 5. (H) Each

point and connected line is the median fluorescence

intensity (MFI) for a single experiment (n 5 3-5 per

experiment). (I) Cells were cultured for 1 hour in

media containing 2.5 mM methyl-b-cyclodextran.

Shown is a representative experiment.
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administered an anti-B220 PE-conjugated antibody IV 5 minutes
prior to euthanasia. By virtue of PE’s large molecular weight, this
technique allows flow cytometric discrimination between cells
within the bone marrow sinusoids and parenchyma.5 As seen in
Figure 6A, this in vivo labeling revealed a dramatic reduction in not
only the number of IgD1, but also immature B cells in the sinusoids
12 hours after IFA treatment. Conversely, there was an expansion
of the number of sinusoidal Gr-11 cells when labeling was
performed with anti-Gr-1 PE (Figure 6A). When the procedure was
repeated in splenectomized mice, there was a similar reduction of
sinusoidal B cells despite the relatively stable number of total marrow
IgD1 (Figure 6B). Taken together, these data suggest that increased
CXCL12 responsiveness of B cells mediates enhanced retention within
the bone marrow, which accounts for our observations of reduced
splenic and blood B-cell numbers during the first 24 hours.

Because the B cells themselves were reorganized into an abnormal
distribution, we reasoned that there would be othermarrow adaptations
capable of influencing B-cell development or function. To address this
hypothesis, we cocultured naive CD191 splenocytes with equal ratios
of total marrow from either IFA- or PBS-treated Rag12/2 mice in
LPS-containing media. After 18 hours of culture, there was signifi-
cantly higher representation of IgD1 cells in cultures initiated with
inflammatory bonemarrow (Figure 6C). To ascertainwhether these in
vitro findings were reflective of the in vivo environment, we analyzed
bone marrow extracellular fluid for cytokine levels by multiplex
ELISA, and potential expansion of cell populations known to be
supportive of B-cell maintenance by flow cytometry. We observed
significant increases in the levels of IL-5, IL-6, and IL-13, as well
as a reduction in IL-7 (Figure 6D). All of these molecules have
been implicated in influencing B-cell differentiation and antibody
production.2,31-34 Eotaxin and CCL3/MIP-1a (macrophage in-
flammatory protein 1a) were also increased. We also noted marked
expansion of the bone marrow DX51Thy1loFceRI1 side-scattered
light (SSC)loT cell receptor (TCR)2 population (Figure 6E). These
cells have been previously presumed to be basophils and were shown
to promote B-cell survival after IgM crosslinking.11,13,35 We further
these findings by showing that this population is APRIL1, a factor
linked to B-cell and plasma cell antibody induction (Figure 6F).36

There was also an expansion of CD11c1MHC-IIhi dendritic cells but
notSigLecF1Gr-1loCD11b1SSChi eosinophils orCD411SSChiforward-
scattered light (FSC)hi polyploidmegakaryocytes. These phenotypes

have been variously linked to B-cell or plasma cell function in the
bone marrow (Figure 6G).10,37,38

The bone marrow’s early response to peripheral inflammation

shapes B-cell effector function

The observation that IFA quickly reorganized the bone marrow envi-
ronment prompted us to examine whether these changes could direct
subsequent B-cell activity. We began to address this question by
determining how quickly IgM production could be induced following
IFA administration. Enzyme-linked immunospot (ELISPOT) analysis
performed on total splenocytes or bonemarrow indicated 12 hourswas
sufficient to induce IgM secretion. Interestingly, the bone marrow
compartment generated a response of similar magnitude to the spleen
(Figure 7A).

To see if the early reorganization of B cells during acute inflamma-
tion contributed to themarrow’s capability to produce IgM,we analyzed
Il1r12/2mice 2 days after challenge with IFA1LPS. As measured by
ELISPOT, there appeared to be fewer IgM-secreting cells (data not
shown). However, a defect was also apparent in the spleen, indicating
othermechanisms related to IL-1 could be at play (Figure 7D). Thus, we
injected AMD3100 4 hours after challenging with IFA 1 LPS.
AMD3100s interference with CXCR4 potently mobilizes B cells from
the bone marrow so we reasoned that interrupting accumulation of
B cells at an early time point would disrupt interactions necessary for
subsequent activation and antibody production.39 FollowingAMD3100
treatment, therewasanapparent reduction in thenumberofFAS1PNA1

B cells, as well as an attenuated IgM response in the bone marrow, but
not the spleen (Figure 7B-D).

Discussion

In mice and humans, bone marrow is an organ of exceptional immu-
nologic importance. Chiefly, it constitutes an adult animal’s primary
source of newly generated hematopoietic lineage cells. However,
a growing body of evidence indicates that bone marrow also maintains
a high level of immune responsiveness and demonstrates character-
istics of a secondary lymphoid organ.7,19,40 The marrow’s highly
vascularized architecture means that within minutes of IV injection,

Figure 5. IL-1R is required for B-cell accumulation

and CXCL12 responses. (A) Il1r12/2 mice were

injected with IFA and analyzed for accumulation of bone

marrow IgD1 cells. Data are pooled from 3 experiments.

(B) Total bone marrow from 3 Il1r12/2 mice was plated

in CXCL12 chemotaxis assay. Data are representative of

3 independent experiments. (C) A mixed chimera was

made with wild-type and Il1r12/2 bone marrow. After

reconstitution, mice were challenged with IFA and pooled

bone marrow plated in a CXCL12 chemotaxis assay. The

figure shows the fold change in chemotaxis of IFA over

naive for both CD45.1 and CD45.2 cells. Data are from

a single experiment with 6 control and 5 IFA-treated mice.

(D) CD45.2 IL-1R–deficient B splenic B cells were

transferred into CD45.1 recipients immediately prior to

administration of IFA. Transferred cells were enumerated

12 hours later. Data are pooled from 2 experiments.
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blood-borne antigen is readily detectable; antigen-presenting cell
uptake and cross-presentation to T cells follows within 3 hours.3,41

Several studies have also demonstrated active transport of antigen into
the bone marrow environment by neutrophils and dendritic cells.42,43

Moreover, this organ provides a major niche for long-lived plasma
cells and, when total volume is considered, houses approximately as
many T cells as the spleen.14,15 B cells cannot be ignored either, as

experiments utilizing a Salmonella infection model demonstrated
that a portion of marrow-resident mature recirculating B-2 cells
quickly became activated to produce bacterial-specific IgM.7

Another notable characteristic of the bone marrow environment
is its tremendously dynamic nature. In response to a varied array of
systemic inflammatory insults, changes in immune cell composition
as well as availability of cytokines and chemokines are rapidly

Figure 6. IFA causes reorganization of the bone marrow B-cell environment. (A) The number of sinusoidal B cells and granulocytes was determined by in vivo labeling.

Five hundred nanograms of aB220-PE or aLy6G-PE was injected IV 5 minutes prior to euthanizing the mice. Representative flow panels display sinusoidal frequency within

gated IgD1 or immature (IgD-IgM1CD191). Graphed data are pooled from 3 experiments for B cells or a representative experiment for granulocytes. (B) In vivo sinusoid

labeling was performed on splenectomized mice. Shown is a representative experiment. (C) Bone marrow from IFA or untreated Rag12/2 mice was plated in equal ratios with

CD191 naive splenocytes for 18 hours with 10 mg/mL LPS. Data are representative of 3 independent experiments. Error bars are SEM. (D) Cytokine levels in the extracellular

fluid of the bone marrow were examined with multiplex ELISA. Data are pooled from 2 experiments. The thresholds of detection are: IL-5, 0.7 pg/mL; IL-6, 1.8 pg/mL; IL-7,

0.9 pg/mL; CCL3, 8.3 pg/mL; IL-13, 6.3; Eotaxin, 4.4 pg/mL. (E) Thy1loDX51 bone marrow cells were enumerated by flow cytometry. Representative flow plots are shown and

graphed data are pooled from 4 experiments. (F) April expression was detected by intracellular flow cytometry. (G) CD11c1MHCIIhi, SigLecF1Gr-1loCD11b1SSChi and

CD411SSChiFSChipolyploid (n . 2) cells were enumerated by flow cytometry. Data are pooled from 2 experiments.
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evident.17-19 One rationale for these alterations is to givemyelopoiesis
priority over lymphopoiesis; a hypothesis aptly demonstrated by the
massive replacement of B-cell progenitors withmyeloid precursors as
early as 3 days after onset of inflammation.18,19 Although this model
makes immunologic sense, as the need to replenish granulocytes
during acute infection is obvious, it does not account for how subsets
of B cells can remain to produce rapid antibody responses in an
apparently hostile environment. Interestingly, our experiments reveal
that B-cell production of IgM as well as potentially supportive envi-
ronmental alterations, including increased IL-5, IL-6, IL-13, and
expansion ofAPRIL1DX51Thy1lo andCD11c1MHCIIhi cells, occurs
prior to peak granulocyte production.We show that B cells themselves
are redistributed within the marrow with fewer mature and immature
B cells in the sinusoids. Previous studies suggest that the sinusoidal
niche is of importance in dictatingB-cell fate. In cannabinoid receptor2
knockout mice, which have a defect in the ability to maintain B cells in
the sinusoids, splenic B cells demonstrate reduced l light chain usage.5

Moreover, experiments using a transgenicB-cell receptor (BCR) system
indicate that autoreactive B cells are restricted to the parenchyma
and unable to migrate to the sinusoids; however, receptor edited B cells
were found in the sinusoids at normal frequency.44 In our experiments,
we noted an increase in Gr-11 sinusoidal cells after IFA treatment.
Conceivably, an influx of granulocytes to this location could heighten
competitionwithBcells; the segregationof these2cell types seenduring
inflammation may act to prevent this outcome, but also alter B-cell
maturation. In essence, as B-cell mobilization has been hypothesized to
clear niche space for emergency granulopoiesis so too could initial
granulocyte mobilization reduce competition for B cells.18 Accumulat-
ing B cells could then freely respond to blood-borne antigen before
granulopoiesis gains priority.

The protective value of acute antibody production should not be
overlooked, especially during sepsis. Studies using cecal puncture
and ligationmodels have demonstrated that B cells and IgMbestow
a clear survival benefit during the first 2 to 4 days of sepsis.45,46

A significant bone marrow contribution is supported by data pre-
sented here, which indicate near parity, in terms of the number of
IgM-secreting cells, with the spleen. This is seen as early as the first
12 hours and sustained until at least day 2. Early IgM production
may also have important implications for long-term antibody
protection during infection.Mice defective in their ability to secrete
IgM produced less IgG and had stalled affinity maturation during
primary immunization. This could be mediated through IgM’s

ability to activate compliment, or perhaps oligomerize antigen.47

A role for the bone marrow in this pathway could be to compel
B cells to produce only IgM. This environment provides insufficient
signals to induce activation-induced cytidine deaminase expression
and thus no opportunity for class switch recombination.7 Our ex-
periments support a view that the bone marrow organ, at least
immediately following infection, is an excellent place for cells
to encounter antigen and differentiate into an IgM-secreting cell.
Our study bridges previously conflicting notions of the bone
marrow during inflammation: an environment transforming to
support emergency granulopoiesis and one ideal for launching
adaptive immunity. By demonstrating that an influx of B cells, and
the environmental reorganization necessary to support their effec-
tor activity, occurs prior to peak granulopoiesis, we provide evi-
dence that these events are temporally structured to provide
maximal immunologic advantage.
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Figure 7. Rapid formation of IgM-secreting cells is

coupled to CXCR4-dependent localization in the

bone marrow. (A) Twelve hours following IFA injection

total bone marrow or spleen was assayed for IgM

secretion by ELISPOT. Data are pooled from 2 experi-

ments. (B) Four hours after IFA 1 LPS treatment, mice

were injected i.p. with 1 mg/kg AMD3100. On day 2,

PNA1FAS1 bone marrow B cells were enumerated by

flow cytometry. Data are pooled from 2 experiments. (C)

Total bone marrow from mice treated with AMD3100

as in panel B was plated in an IgM ELISPOT. Data are

pooled from 3 experiments and significance determined

by 1-way ANOVA and Dunnett post test (left panel).

The mean spot count for 5 independent experiments is

graphed (right panel) comparing IFA-treated mice with

IFA 1 AMD3100. Each point and connecting line repre-

sents an individual experiment. (D) Spleens from the

experiments shown in panel C, as well as IL-1R2/2 mice

were plated in an IgM ELISPOT.

BLOOD, 3 SEPTEMBER 2015 x VOLUME 126, NUMBER 10 DYNAMIC BM B-CELL RESPONSES TO INFLAMMATION 1191

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/10/1184/1388425/1184.pdf by guest on 08 June 2024

mailto:josh.moreau@mail.utoronto.ca


References

1. Tokoyoda K, Egawa T, Sugiyama T, Choi BI,
Nagasawa T. Cellular niches controlling
B lymphocyte behavior within bone marrow
during development. Immunity. 2004;20(6):
707-718.

2. Corfe SA, Paige CJ. The many roles of IL-7
in B cell development; mediator of survival,
proliferation and differentiation. Semin Immunol.
2012;24(3):198-208.

3. Nagasawa T. Microenvironmental niches in the
bone marrow required for B-cell development. Nat
Rev Immunol. 2006;6(2):107-116.

4. Beck TC, Gomes AC, Cyster JG, Pereira JP.
CXCR4 and a cell-extrinsic mechanism control
immature B lymphocyte egress from bone
marrow. J Exp Med. 2014;211(13):2567-2581.

5. Pereira JP, An J, Xu Y, Huang Y, Cyster JG.
Cannabinoid receptor 2 mediates the retention of
immature B cells in bone marrow sinusoids. Nat
Immunol. 2009;10(4):403-411.

6. Osmond DG, Batten SJ. Genesis of
B lymphocytes in the bone marrow : extravascular
and lntravascular localization of surface IgM-
bearing cells in mouse bone marrow detected by
electron-microscope radioautography after in vivo
perfusion of 1251 anti-lgM antibody. Am J Anat.
1984;170(3):349-653.

7. Cariappa A, Mazo IB, Chase C, et al.
Perisinusoidal B cells in the bone marrow
participate in T-independent responses to blood-
borne microbes. Immunity. 2005;23(4):397-407.

8. Cariappa A, Chase C, Liu H, Russell P, Pillai S.
Naive recirculating B cells mature simultaneously
in the spleen and bone marrow. Blood. 2007;
109(6):2339-2345.

9. Lindsley RC, Thomas M, Srivastava B, Allman D.
Generation of peripheral B cells occurs via two
spatially and temporally distinct pathways. Blood.
2007;109(6):2521-2528.

10. Sapoznikov A, Pewzner-Jung Y, Kalchenko V,
Krauthgamer R, Shachar I, Jung S. Perivascular
clusters of dendritic cells provide critical survival
signals to B cells in bone marrow niches. Nat
Immunol. 2008;9(4):388-395.

11. Sandel PC, Gendelman M, Kelsoe G, Monroe JG.
Definition of a novel cellular constituent of the
bone marrow that regulates the response of
immature B cells to B cell antigen receptor
engagement. J Immunol. 2001;166(10):
5935-5944.

12. Merluzzi S, Betto E, Ceccaroni AA, Magris R,
Giunta M, Mion F. Mast cells, basophils and B cell
connection network. Mol Immunol. 2015;63(1):
94-103.

13. Nishikado H, Mukai K, Kawano Y, Minegishi Y,
Karasuyama H. NK cell-depleting anti-asialo GM1
antibody exhibits a lethal off-target effect on
basophils in vivo. J Immunol. 2011;186(10):
5766-5771.

14. Chu VT, Berek C. The establishment of the
plasma cell survival niche in the bone marrow.
Immunol Rev. 2013;251(1):177-188.

15. Di Rosa F. T-lymphocyte interaction with stromal,
bone and hematopoietic cells in the bone marrow.
Immunol Cell Biol. 2009;87(1):20-29.

16. Bockstal V, Guirnalda P, Caljon G, et al. T. brucei
infection reduces B lymphopoiesis in bone

marrow and truncates compensatory splenic
lymphopoiesis through transitional B-cell
apoptosis. PLoS Pathog. 2011;7(6):e1002089.

17. Ueda Y, Yang K, Foster SJ, Kondo M, Kelsoe G.
Inflammation controls B lymphopoiesis by
regulating chemokine CXCL12 expression.
J Exp Med. 2004;199(1):47-58.

18. Ueda Y, Kondo M, Kelsoe G. Inflammation
and the reciprocal production of granulocytes
and lymphocytes in bone marrow. J Exp Med.
2005;201(11):1771-1780.

19. Manz MG, Boettcher S. Emergency
granulopoiesis. Nat Rev Immunol. 2014;14(5):
302-314.

20. Rauch PJ, Chudnovskiy A, Robbins CS, et al.
Innate response activator B cells protect against
microbial sepsis. Science. 2012;335(3):597-601.

21. Chervenick PA, Boggs DR, Marsh JC, Cartwright
GE, Wintrobe MM. Quantitative studies of blood
and bone marrow neutrophils in normal mice. Am
J Physiol. 1968;215(2):353-360.

22. Hotchkiss RS, Monneret G, Payen D. Sepsis-
induced immunosuppression: from cellular
dysfunctions to immunotherapy. Nat Rev
Immunol. 2013;13(12):862-874.

23. Rozing J, Brons NHC, Bennner R. Effects of
splenectomy on the humoral immune system.
A study in neonatally and adult splenectomized
mice. Immunology. 1978;34(5):909-917.

24. Cyster JG. Chemokines, sphingosine-1-
phosphate, and cell migration in secondary
lymphoid organs. Annu Rev Immunol. 2005;23:
127-159.

25. Paradis M, Mindt BC, Duerr CU, et al. A TNF-
a-CCL20-CCR6 axis regulates Nod1-induced
B cell responses. J Immunol. 2014;192(6):
2787-2799.

26. Ratajczak MZ, Serwin K, Schneider G. Innate
immunity derived factors as external modulators
of the CXCL12-CXCR4 axis and their role in stem
cell homing and mobilization. Theranostics. 2013;
3(1):3-10.

27. Wysoczynski M, Reca R, Ratajczak J, et al.
Incorporation of CXCR4 into membrane lipid
rafts primes homing-related responses of
hematopoietic stem/progenitor cells to an
SDF-1 gradient. Blood. 2005;105(1):40-48.

28. Hultgren OH, Svensson L, Tarkowski A. Critical
role of signaling through IL-1 receptor for
development of arthritis and sepsis during
Staphylococcus aureus infection. J Immunol.
2002;168(10):5207-5212.

29. Glaccum MB, Stocking KL, Charrier K, et al.
Phenotypic and functional characterization of
mice that lack the type I receptor for IL-1.
J Immunol. 1997;159(7):3364-3371.

30. Tanaka Y, Shirakawa F, Oda S, Eto S, Yamashita
U. Expression of IL-1 receptors on human
peripheral B cells. J Immunol. 1989;142(1):
167-172.

31. Ochoa MT, Teles R, Haas BE, et al. A role
for interleukin-5 in promoting increased
immunoglobulin M at the site of disease in
leprosy. Immunology. 2010;131(3):405-414.

32. Reynolds AE, Kuraoka M, Kelsoe G. Natural IgM
is produced by CD5- plasma cells that occupy

a distinct survival niche in bone marrow.
J Immunol. 2015;194(1):231-242.

33. Dienz O, Eaton SM, Bond JP, et al. The induction
of antibody production by IL-6 is indirectly
mediated by IL-21 produced by CD41 T cells.
J Exp Med. 2009;206(1):69-78.

34. Johansson B, Ingvarsson S, Björck P, Borrebaeck
CA. Human interdigitating dendritic cells induce
isotype switching and IL-13-dependent IgM
production in CD40-activated naive B cells.
J Immunol. 2000;164(4):1847-1854.

35. Sandel PC, Monroe JG. Negative selection of
immature B cells by receptor editing or deletion is
determined by site of antigen encounter.
Immunity. 1999;10(3):289-299.

36. Schneider P. The role of APRIL and BAFF
in lymphocyte activation. Curr Opin Immunol.
2005;17(3):282-289.

37. Chu VT, Fröhlich A, Steinhauser G, et al.
Eosinophils are required for the maintenance of
plasma cells in the bone marrow. Nat Immunol.
2011;12(2):151-159.

38. Winter O, Moser K, Mohr E, et al.
Megakaryocytes constitute a functional
component of a plasma cell niche in the bone
marrow. Blood. 2010;116(11):1867-1875.

39. Juarez JG, Harun N, Thien M, et al.
Sphingosine-1-phosphate facilitates trafficking
of hematopoietic stem cells and their
mobilization by CXCR4 antagonists in mice.
Blood. 2012;119(3):707-716.

40. Pillai S, Cariappa A. The bone marrow
perisinusoidal niche for recirculating B cells and
the positive selection of bone marrow-derived
B lymphocytes. Immunol Cell Biol. 2009;87(1):
16-19.

41. Milo I, Sapoznikov A, Kalchenko V, et al. Dynamic
imaging reveals promiscuous crosspresentation
of blood-borne antigens to naive CD81 T cells in
the bone marrow. Blood. 2013;122(2):193-208.

42. Duffy D, Perrin H, Abadie V, et al. Neutrophils
transport antigen from the dermis to the bone
marrow, initiating a source of memory CD81
T cells. Immunity. 2012;37(5):917-929.

43. Cavanagh LL, Bonasio R, Mazo IB, et al.
Activation of bone marrow-resident memory
T cells by circulating, antigen-bearing dendritic
cells. Nat Immunol. 2005;6(10):1029-1037.

44. Donovan EE, Pelanda R, Torres RM. S1P3
confers differential S1P-induced migration by
autoreactive and non-autoreactive immature
B cells and is required for normal B-cell
development. Eur J Immunol. 2010;40(3):
688-698.

45. Kelly-Scumpia KM, Scumpia PO, Weinstein JS,
et al. B cells enhance early innate immune
responses during bacterial sepsis. J Exp Med.
2011;208(8):1673-1682.

46. Boes M, Prodeus AP, Schmidt T, Carroll MC,
Chen J. A critical role of natural immunoglobulin M
in immediate defense against systemic bacterial
infection. J Exp Med. 1998;188(12):2381-2386.

47. Ehrenstein MR, O’Keefe TL, Davies SL,
Neuberger MS. Targeted gene disruption reveals
a role for natural secretory IgM in the maturation
of the primary immune response. Proc Natl Acad
Sci USA. 1998;95(17):10089-10093.

1192 MOREAU et al BLOOD, 3 SEPTEMBER 2015 x VOLUME 126, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/10/1184/1388425/1184.pdf by guest on 08 June 2024


