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Memory B cells and plasma cells are the two arms of the humoral 
immune response that ensure long-term protection against 
pathogens1–3. Plasma cells are essential contributors to this protection 
through their secretion of antigen-specific antibodies. Plasma cells 
can develop through different pathways4. Naive B cells challenged 
with antigen may directly differentiate into short-lived plasma cells, 
whereas long-lived plasma cells are generated predominantly in ger-
minal centers during T cell–dependent immune responses5,6. Plasma 
blasts migrate to the bone marrow, where they find an appropriate 
environment that allows them to differentiate into mature long-lived 
plasma cells7–9. During primary immune responses only a few anti-
gen-specific plasma cells accumulate in the bone marrow, although 
many more are found after secondary challenge with antigen10.

Bone marrow stromal cells provide a specific microenviron-
ment that supports the survival of plasma cells through cell con-
tact–dependent signals and cytokines4,7,11,12. Bone marrow reticular 
stromal cells express CXCL12, a chemokine that both attracts plasma 
cells into the bone marrow and supports their maintenance in this 
location13–15. In addition, cytokines such as APRIL (a proliferation-
inducing ligand), IL-6, tumor necrosis factor, IL-10, IL-4 and IL-5 
are known to prolong the survival of plasma cells in vitro16. Although 
in vitro experiments suggest that IL-6 is a crucial cytokine for the  
long-term survival of plasma cells, the bone marrow of IL-6- 
deficient mice does not have a lower number of plasma cells11,16. 
In contrast, in mice deficient in APRIL, although the generation of 
plasma cells is normal, the ability of the bone marrow compartment 
to support the survival of plasma cells is considerably impaired17. 
Blocking APRIL by treatment of immunized animals with TACI-Ig 

(a fusion of the APRIL receptor TACI and human immunoglobulin G  
(IgG)) has been shown to diminish the number of plasma cells in 
the bone marrow by more than 60% (ref. 18). Furthermore, mice 
deficient in BCMA, the high-affinity receptor of APRIL expressed 
by plasma cells, have considerably fewer plasma cells18. This suggests 
a critical role for APRIL in the long-term survival of plasma cells in 
the bone marrow.

Little is known about the cellular sources of cytokines required for 
the survival of plasma cells in vivo11,16–19. In the mucosal-associated 
lymphoid tissue, APRIL is produced locally by neutrophils and binds 
to heparin proteoglycans, thus providing a survival niche for plasma 
cells20. Neutrophils that infiltrate tumor lesions in the human bone 
marrow constitutively produce APRIL21. In the murine lymph node, 
dendritic cells and in particular F4/80+Gr-1lo monocytes-macrophages 
are the main producers of IL-6 and APRIL22.

Here we investigated which cells in the bone marrow provide 
plasma cell survival factors and contribute to the establishment of 
a niche for the long-term survival of plasma cells. We found that 
F4/80+Gr-1lo eosinophils were the main source of plasma cell survival 
factors in the bone marrow. Eosinophils were present in close associa-
tion with plasma cells, which suggested they are part of the plasma 
cell survival niche. Eosinophil-deficient mice had considerably fewer 
plasma cells both before and after antigen injection. Eosinophil 
reconstitution transiently increased the frequency of plasma cells. In 
addition, depletion of eosinophils drove long-lived plasma cells into 
apoptosis. Our findings demonstrate that eosinophils are required 
for the retention and long-term maintenance of plasma cells in the 
bone marrow.
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Plasma cells are of crucial importance for long-term immune protection. It is thought that long-lived plasma cells survive in 
specialized niches in the bone marrow. Here we demonstrate that bone marrow eosinophils localized together with plasma cells 
and were the key providers of plasma cell survival factors. In vitro, eosinophils supported the survival of plasma cells by secreting 
the proliferation-inducing ligand APRIL and interleukin-6 (IL-6). In eosinophil-deficient mice, plasma cell numbers were much 
lower in the bone marrow both at steady state and after immunization. Reconstitution experiments showed that eosinophils were 
crucial for the retention of plasma cells in the bone marrow. Moreover, depletion of eosinophils induced apoptosis in long-lived 
bone marrow plasma cells. Our findings demonstrate that the long-term maintenance of plasma cells in the bone marrow  
requires eosinophils.
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RESULTS
Monocytes, macrophages and eosinophils produce APRIL
To determine which cells in the bone marrow provide plasma cell 
survival factors, we prepared suspensions of bone marrow cells 
from naive BALB/c mice and analyzed the cells by multiparameter 
flow cytometry. Staining with antibodies specific for the granulo-
cyte marker Gr-1 and the macrophage marker F4/80 showed that in 
unimmunized BALB/c mice, about 10% of bone marrow cells were 
F4/80+Gr-1lo, and these cells expressed APRIL, as assessed by intra-
cellular staining (Fig. 1a,b). Costaining of bone marrow tissue sec-
tions with antibodies specific for F4/80 and APRIL confirmed that all 
F4/80+Gr-1lo cells expressed APRIL (Fig. 1b, right).

Analysis of side scatter (SSC) and CD11b expression showed that 
F4/80+Gr-1lo cells in the bone marrow were a heterogeneous cell pop-
ulation (Fig. 1c). Only about half of the F4/80+Gr-1loCD11b+ cells 
had low SSC, as expected for monocytes and macrophages (Fig. 1c). 
Cells with more SSC (fractions R1 and R2) were in addition positive 
for the eosinophil marker Siglec-F (Fig. 1c), which indicated that 
these cells were eosinophils. It is known that bone marrow eosinophils 
express F4/80 (ref. 23).

For further characterization we sorted the F4/80+Gr-1lo R1, R2 and R3 
cell fractions, as well as conventional dendritic cells (Gr-1lo–negCD11chi) 
and neutrophils (Gr-1hi), from bone marrow and macrophages from the 
peritoneal cavity (Supplementary Fig. 1a,b,c). Staining with hematoxy-
lin and eosin confirmed that cells in fraction R3 were monocytes and 
macrophages (F4/80+Gr-1loCD11bintSiglec-F−SSClo; Fig. 1d), whereas 
R1 cells (F4/80+Gr-1loCD11bintSiglec-FhiSSChi) and R2 cells (F4/80+ 
Gr-1loCD11bhiSiglec-F+SSCint) were eosinophils, as indicated by the 
staining of eosin in the cytoplasm. The smaller size and the bilobed 
nucleus with compact chromatin identified the R1 cells as mature eosino
phils, whereas the larger size and the doughnut or ring-shaped nucleus 
with loose chromatin indicated that the R2 cells were immature eosino
phils (Fig. 1d). These results show that both monocytes-macrophages  
and eosinophils produce APRIL in the bone marrow.

Bone marrow eosinophils produce plasma cell survival factors
To directly assess whether eosinophils are a major source of plasma 
cell survival factors, we stained bone marrow cells for Siglec-F and for 
intracellular APRIL and IL-6 (Fig. 1e). Siglec-FhiGr-1lo eosinophils 
had high coexpression of APRIL and IL-6, whereas Siglec-Fint Gr-1lo 
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Figure 1  Bone marrow eosinophils provide plasma cell survival factors. (a) Flow cytometry of bone marrow cells; numbers adjacent to outlined 
areas indicate percent Gr-1loF4/80+ cells. (b) Staining of intracellular APRIL (I-APRIL) in Gr-1lo (top) and F4/80+ (bottom) bone marrow cells (left) and 
immunohistology showing colocalization of staining for APRIL and F4/80 in the bone marrow (right). Numbers adjacent to outlined areas (left) indicate 
percent cells in each. Scale bar, 75 µm. (c) Flow cytometry identifying three different CD11b+ subsets (R1, R2 and R3) among CD11c−FcεRIα−Gr-1lo–neg 
cells. Numbers in plots indicate percent cells in each outlined area (left) or subset (right). (d) Hematoxylin and eosin staining of bone marrow cell 
subsets sorted and prepared by cytospins. Eos, eosinophil; Neu, neutrophil; EosP, immature eosinophil; PerC Mφ, peritoneal cavity macrophage 
(control); Mo & Mφ, monocyte-macrophage. Scale bar, 15 µm. (e) Intracellular expression of APRIL (top) or IL-6 (bottom) in bone marrow cells gated 
on Gr-1lo–neg cells (left) and frequency of R1, R2 and R3 cells in the fraction of Gr-1loAPRILhi or Gr-1loIL-6+ cells (right). Numbers adjacent to outlined 
areas indicate percent cells in each. (f) Immunofluorescence of sorted eosinophils (Eos (R1)), immature eosinophils (EosP (R2)) and monocytes-
macrophages (Mo & Mφ (R3)) stained with antibodies specific for APRIL, IL-6 or MBP; nuclei were counterstained with the DNA-intercalating dye DAPI. 
Scale bar, 45 µm. Data are representative of three to five experiments.
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immature eosinophils expressed only APRIL. Siglec-F−Gr-1lo monocytes-
macrophages expressed APRIL; however, only a small fraction of them, if 
any, had low expression of IL-6 as well (Fig. 1e). Gating on Gr-1loAPRILhi 
or Gr-1loIL-6+ cells showed that most of the APRILhi cells (fractions R1 
and R2) and IL-6+ cells (fraction R1) were eosinophils (Fig. 1e). We 
confirmed those findings by staining cytospins of eosinophils (R1), 
immature eosinophils (R2) and monocytes-macrophages (R3) with anti-
bodies specific for APRIL and IL-6 (Fig. 1f). We controlled the purity of 
the sorted populations by using antibodies specific for the major basic  
protein (MBP), a marker specific for eosinophils24.

We compared the expression of plasma cell survival factors in bone 
marrow eosinophils with that in monocytes-macrophages, Gr-1hi 
neutrophils and CD11chi conventional dendritic cells (Supplementary 
Fig. 2). Real-time PCR analysis showed that in the bone marrow, APRIL 
and IL-6 mRNA were expressed mainly in F4/80+Gr-1lo eosinophils 
and monocytes-macrophages, and this analysis confirmed that eosino
phil precursors did not express IL-6 (Supplementary Fig. 2a). IL-6 
mRNA expression corresponded with IL-6 secretion in vitro, for which 
the highest expression was in mature eosinophils (Supplementary 
Fig. 2b). These data show that bone marrow eosinophils are a major 
source of cytokines required for the survival of plasma cells.

Eosinophils support the survival of plasma cells
To address whether eosinophils support the survival of plasma cells, 
we cocultured sorted bone marrow eosinophils and plasma cells 
(Supplementary Fig. 1b,d). We prepared eosinophils from unimmu-
nized and immunized BALB/c mice. Injection of the T cell–dependent 
antigen phOx (2-phenyloxazolone) resulted in a greater frequency of 
eosinophils in the bone marrow (Supplementary Fig. 3a) and induced 
an activated phenotype, as shown by their enhanced secretion of IL-4 
(Fig. 2a). There was even greater activation after secondary immu-
nization with soluble phOx (Fig. 2a). Together with the enhanced 
expression of IL-4, the expression of APRIL and IL-6 mRNA and 
protein was also significantly higher (Fig. 2b). We obtained similar 
results whether we delivered the antigen intraperitoneally in alumi-
num hydroxide or emulsified in complete Freund’s adjuvant (Fig. 2a,b 
and Supplementary Fig. 3a,b).

Cocultures of plasma cells and eosinophils isolated 6 d after sec-
ondary immunization showed that eosinophils supported the survival 
of plasma cells in a dose-dependent manner (Fig. 2c). Plasma cell 
survival was greater when they were cultured with eosinophils iso-
lated from the bone marrow of primary immunized BALB/c mice, 
and even more so for those isolated after secondary immunization 
(Fig. 2d). The addition of the soluble fusion protein TACI-Ig25, which 
blocks APRIL, or of neutralizing antibody to IL-6 to the culture 
medium resulted in a significantly lower number of surviving anti-
body-secreting cells (Fig. 2e). We noted the greatest effect when we 
added both inhibitors, which suggested that both APRIL and IL-6 
are required for the survival of plasma cells and that both factors are 
provided by eosinophils.

In addition, approximately 90% of plasma cells were positive 
for annexin V after 48 h of culture in the absence of eosinophils 
(Supplementary Fig. 4a). Apoptosis of plasma cells was prevented 
not only by direct contact with eosinophils but also by culture with 
eosinophils in a two-chamber Transwell system (about 50% of plasma 
cells were negative for annexin V; Fig. 2f and Supplementary Fig. 4a). 
Plasma cell survival was much lower after the addition of TACI-Ig 
and antibodies specific for IL-6 to the culture medium (Fig. 2g and 
Supplementary Fig. 4b), which provided further evidence that eosino
phils support the survival of plasma cells by supplying soluble APRIL 
and IL-6. These data suggest that eosinophils support the survival of 
plasma cells by secreting APRIL and IL-6.

Eosinophils and plasma cells colocalize in the bone marrow
To determine whether eosinophils and plasma cells interact in the 
bone marrow, we immunized BALB/c mice with phOx and prepared 
tissue sections 6 d after the secondary immunization, when newly 
induced plasma blasts home to the bone marrow. Staining with anti-
body specific for laminin, the basement membrane protein of endothe-
lial cells, showed that plasma cells localized along the thin-walled 
venous sinusoids (Fig. 3a). Costaining with IgG- and APRIL-specific 
antibodies showed closely associated pairs of plasma cells and APRIL+ 
cells (Fig. 3a). The association between eosinophils and plasma cells 
was even greater at day 60 after the secondary immunization. Staining 
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Figure 2  Eosinophils support the survival of plasma cells through the secretion of soluble factors. (a) IL-4 secretion by 
eosinophils from the bone marrow of naive BALB/c mice and immunized BALB/c mice (days 0 and 6 of the secondary (2°) 
response). (b) APRIL and IL-6 mRNA (left), intracellular APRIL staining (top right) and IL-6 secretion (bottom right) by 
eosinophils from the bone marrow of naive and immunized BALB/c mice at day 6 of the secondary response (n = 4 mice 
per group). RU, relative units (relative to expression in naive bone marrow eosinophils); MFI, mean fluorescence intensity 
(presented relative to control). (c) Enzyme-linked immunospot analysis of the frequency of plasma cells (PC) cultured with 
medium alone (Med) or various numbers of eosinophils from day 6 of the secondary response. (ratio, PC/Eos horizontal axis) 
(d) Frequency of plasma cells cultured at a ratio of 1:1 with eosinophils from naive and immunized mice (day 6 of secondary 
response). (e) Frequency of plasma cells cultured at a ratio of 1:1 with eosinophils alone from immunized mice (Eos) or along with various inhibitors 
(horizontal axis). α-IL-6, antibody to IL-6. (f) Plasma cells negative for annexin V (AnnV−) after culture at a ratio of 1:1 with eosinophils from immunized 
animals in Transwells with (+) or without (−) inserts. (g) Plasma cells negative for annexin V after culture as in e. NS, not significant. P values, Student’s 
t-test. Data are from one of two experiments (error bars, s.d. of triplicate cultures).
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of bone marrow tissue sections showed large clusters containing many 
eosinophils and plasma cells (Fig. 3b). Triple staining for MBP and 
IgG together with either APRIL or F4/80 showed that at day 6 after 
the secondary immunization, nearly 60% of plasma cells localized 
together with APRIL+ cells (Fig. 3c). Approximately half of the plasma 
cells were involved in association with eosinophils and only 20% were 
involved in association with macrophages (Fig. 3c). At day 60 after the 
secondary immunization, the frequency of plasma cells in association 
with eosinophils was even greater (Fig. 3c).

To further characterize the cellular composition of the putative bone 
marrow plasma cell survival niche, we stained tissue sections with anti-
bodies specific for the adhesion marker VCAM-1 and MBP. VCAM-1 
was expressed on stromal cells and also on a fraction of eosinophils 
(Fig. 3d, left). This analysis showed clustering of eosinophils in the 
underlying reticulum of stromal cells (Fig. 3d, left). Higher magnifi-
cation showed that eosinophils were the main source of APRIL and 
IL-6 (Fig. 3d, middle and right). At 60 d after the secondary immu-
nization, more than 60% of bone marrow plasma cells were present 
in close association with eosinophils and stromal cells (Fig. 3e). Both 
the colocalization and the provision of APRIL and IL-6 suggested that 
eosinophils are an essential part of the plasma cell survival niche.

Plasma cells express the chemokine receptor CXCR4 and respond 
to its ligand, CXCL12 (ref. 13). RT-PCR analysis showed that nei-
ther monocytes-macrophages nor eosinophils express CXCL12 
(Supplementary Fig. 5a). On the basis of that observation, it is unlikely 
that these cells directly attract plasma cells. However, both monocytes-
macrophages and eosinophils expressed CXCR4 at the level of mRNA 
and protein (Supplementary Fig. 5b). The mean fluorescence inten-
sity at the cell surface was greatest for mature eosinophils, whereas 

there was less intense staining on eosinophil precursors and on mono-
cytes-macrophages (Supplementary Fig. 5b). Thus, plasma cells and 
mature eosinophils localize together in the bone marrow, perhaps by 
being attracted to the same CXCL12-secreting sites.

Expression of APRIL and IL-6 in eosinophil-deficient mice
To directly address whether eosinophils are required for the mainte-
nance of plasma cells in the bone marrow, we analyzed mice lacking 
mature eosinophils26. For this, we used ∆dblGATA-1 mice, which 
have a deletion in the high-affinity GATA-binding site of the pro-
moter of the gene encoding the transcription factor GATA-1, which 
allows normal hematopoiesis but specifically blocks the development 
of mature eosinophils. The frequency of F4/80+Gr-1lo cells was about 
50% lower in these mice than in wild-type BALB/c mice (Fig. 4a). 
Staining for CD11b and Siglec-F demonstrated the specific absence of 
mature eosinophils (Fig. 4a). Furthermore, we confirmed the absence 
of eosinophils in ∆dblGATA-1 mice by staining bone marrow tissue 
sections with MBP-specific antibodies (Fig. 4b). We observed only a 
few weakly MBP+ cells, presumably eosinophil precursors.

In contrast to wild-type BALB/c mice, ∆dblGATA-1 mice had low 
APRIL expression in the bone marrow (Fig. 4b) and, in line with those 
observations, APRIL mRNA was much lower in abundance (Fig. 4c). 
The weak APRIL staining was restricted to monocytes-macrophages 
and endothelial cells. In addition, eosinophil-deficient mice had 
fewer IL-6-expressing cells (Fig. 4b). Accordingly, we extracted 
less IL-6 mRNA from total bone marrow cells of ∆dblGATA-1  
mice than from that of BALB/c mice, and when we cultured bone 
marrow cells from eosinophil-deficient mice in vitro, IL-6 secretion 
was almost undetectable (Fig. 4c).
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Figure 3  Colocalization of eosinophils and plasma cells in the bone marrow. 
(a) Microscopy of bone marrow sections from day 6 of secondary response, 
double stained with fluorescence-labeled antibodies (overlays). Scale bar, 
15 µm. (b) Immunohistochemical staining (left) and confocal microscopy of 
immunofluorescence staining (right) of bone marrow sections from day 60 of  
secondary response. Scale bars, 20 µm (left) or 10 µm (right). (c) Microscopy of bone marrow tissue sections from 
day 6 of secondary response, triple stained with antibodies specific for plasma cells (IgG) and eosinophils (MBP)  
and APRIL (left) or monocytes-macrophages (F4/80) (right). Scale bar, 20 µm. Right, frequency of IgG+ plasma  
cells localizing together with APRIL+, MBP+ or F4/80+ cells. (d) Microscopy of bone marrow tissue sections from  
day 6 of the secondary response, stained for VCAM-1 and MBP (left), VCAM-1 and APRIL (middle), VCAM-1 and  
IL-6 (right). Scale bar, 20 µm. (e) Microscopy of a bone marrow tissue section from day 6 of the secondary response, 
stained with antibodies specific for VCAM-1, IgG and MBP. Outlined areas at left are enlarged at right, visualizing 
cell clusters of eosinophils, plasma cells and stromal cells. Scale bar, 75 µm (main image) or 15 µm (right). Below, 
frequency of IgG+ plasma cells localizing together with MBP+ eosinophils and VCAM-1+ stromal cells after secondary 
immunization. Data are representative of five experiments with five mice per group (error bars, s.d.).
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We obtained similar results with PHIL mice, another mouse strain 
which lacks mature eosinophils27. In these mice, expression of the 
cytocidal diphtheria toxin A chain under the control of the eosi-
nophil peroxidase promoter prevents the development of mature 
eosinophils27. We found much lower expression of APRIL and IL-6 in 
the bone marrow of these mice, with the remaining APRIL expression 
being restricted to monocytes and macrophages (Supplementary 
Fig. 6). These data indicate that mature eosinophils are the main 
source of the plasma cell–survival factors APRIL and IL-6 in the 
bone marrow.

Plasma cells in bone marrow of eosinophil-deficient mice
We investigated whether the absence of eosinophils affected the 
number of plasma cells in bone marrow. At steady state, ∆dblGATA-1  
mice had a much lower number of plasma cells in the bone marrow 
(Fig. 5a). The frequency of CD138+ plasma cells (Fig. 5a, left) and the 
absolute number of IgG+ plasma cells (Fig. 5a, middle) were one third 
lower, as shown by flow cytometry and enzyme-linked immunospot 
assay. Those observations correlated with significantly less secretion 
of total IgG by cultured bone marrow cells from ∆dblGATA-1 mice 
(Fig. 5a, right). Staining of bone marrow tissue sections provided 
further evidence that the number of plasma cells was significantly 
lower in the bone marrow of ∆dblGATA-1 than in that of wild-type 
BALB/c mice (Supplementary Fig. 7a: P = 0.001). We found signifi-
cantly lower bone marrow plasma cell numbers at steady state in PHIL 
mice as well (Supplementary Fig. 7a; P = 0.005).

We found normal development of B cells in the bone marrow of 
∆dblGATA-1 mice (Supplementary Fig. 8a) and normal differentia-
tion into newly formed transitional B cells from type 1 (T1) and type 2  
(T2), marginal zone B cells and follicular B cells (Supplementary 
Fig. 8b). Furthermore, staining of bone marrow sections from 
∆dblGATA-1 mice for laminin and VCAM-1 demonstrated typical 
organization of the bone marrow structure and normal develop-
ment of the venous and arterial sinus architecture (Supplementary 
Fig. 9a). The expression of CXCL12 mRNA in total bone marrow cells 
suggested that stromal cells had normal expression of chemokines 
(Supplementary Fig. 9b). These observations suggest that although 
deficiency in eosinophils does not affect the development and organi-
zation of the bone marrow, it does impair the maintenance of plasma 
cells at steady state.

Plasma cell accumulation in immune responses
Next we investigated the maintenance of plasma cells in bone marrow 
and spleen after immunization with phOx. To exclude the possibility 
of a general defect in the generation of antigen-specific plasma cells, 
we analyzed the splenic immune response in ∆dblGATA-1 mice. We 
found that ∆dblGATA-1 mice responded with normal germinal center 
development (Supplementary Fig. 10a). As described for wild-type  

BALB/c mice28,29, antibodies with a variable region kappa-Ox1  
(Vk-Ox1) light chain dominated the phOx-specific immune response.  
Sequencing showed normal accumulation of somatic mutations 
and selection for high-affinity variants (Supplementary Fig. 10b). 
Furthermore, the frequency of splenic plasma cells was similar to 
that in BALB/c mice (Supplementary Fig. 10c). Nevertheless, the fre-
quency and number of plasma cells in bone marrow of ∆dblGATA-1 
mice were significantly lower (Fig. 5b and Supplementary Fig. 7b).

After secondary immunization, we observed a distinctly detectable 
influx of antigen-specific plasma cells into the bone marrow (Fig. 5b), 
in line with the normal expression of CXCR4 on splenic plasma cells 
(Supplementary Fig. 9c). The overall kinetics for the increase and 
decrease in plasma cell numbers in the bone marrow were similar for 
∆dblGATA-1 and wild-type BALB/c mice. We detected the greatest 
number of total and antigen-specific plasma cells 6 d after antigen 
boost, followed by a steep decrease (Fig. 5b and Supplementary 
Fig. 7b). In eosinophil-deficient ∆dblGATA-1 mice, the number of 
antigen-specific plasma cells in the bone marrow 12 d after secondary 
immunization was no longer significantly different from the number 
before boost (Fig. 5c). In contrast, even 60 d after booster injection 
of antigen, the frequency and absolute number of antigen-specific 
plasma cells remained significantly greater in the bone marrow of 
immunized wild-type mice (Fig. 5b,c).

As eosinophils are thought to be mainly associated with T helper type 2  
(TH2) immune responses30, we sought to determine whether the sur-
vival of plasma cells in the bone marrow was affected by the absence of 
eosinophils in a TH1 response. We infected BALB/c and ∆dblGATA-1  
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mice with lymphocytic choriomeningitis virus (LCMV), which 
induces a strong TH1 response31. Eosinophil-deficient ∆dblGATA-1 
mice responded as well as BALB/c mice to LCMV (Supplementary 
Fig. 11). Nevertheless, the frequency of plasma cells was significantly 
lower in the bone marrow of ∆dblGATA-1 mice (Fig. 5d). This was 

reflected in the total number of IgG+ plasma cells (data not shown) 
and in the number of plasma cells specific for the glycoprotein 1 
antigen of LCMV (Fig. 5e). These results show that eosinophils are 
required for the maintenance of plasma cells in the bone marrow in 
both TH1- and TH2-dependent immune responses.
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Eosinophil-dependent bone marrow retention of plasma cells
We set up reconstitution experiments to directly investigate whether 
the retention of plasma cells in the bone marrow required the presence 
of eosinophils. We sorted bone marrow eosinophils 6 d after secondary 
immunization of BALB/c mice, and transferred the cells into recipient 
∆dblGATA-1 mice. Analysis of reconstituted ∆dblGATA-1 bone marrow  
showed that transferred eosinophils migrated back into the bone  
marrow; however, only about one third of them survived 12 d after 
transfer (Fig. 6a,b).

Eosinophil reconstitution of ∆dblGATA-1 mice affected the 
number of plasma cells in bone marrow and spleen after immuniza-
tion (Fig. 6c,d). At day 6 after secondary immunization, the presence 
of eosinophils was sufficient to result in a significantly greater number 
of antigen-specific plasma cells in the bone marrow of ∆dblGATA-1  
mice (Fig. 6c) and concomitantly resulted in a lower number in the 
spleen, to nearly normal numbers (Fig. 6d). However, the effect 
was transient, as the number of plasma cells in the bone marrow  
of reconstituted mice was similar to that of unreconstituted 
∆dblGATA-1 mice 12 d after secondary immunization, when trans-
ferred eosinophils numbers had decreased. These data demonstrate 
a direct role for eosinophils in the retention of plasma cells in the 
bone marrow.

Eosinophil-dependent long-term survival of plasma cells
To determine whether eosinophils are required for the long-term 
survival of plasma cells, we immunized BALB/c mice with phOx. At 
day 60 after secondary immunization, long-lived antigen-specific 
plasma cells are found mainly in the bone marrow7. Injection with 
a Siglec-F-specific antibody, which is known to induce apoptosis in 
eosinophils32, resulted in nearly complete depletion of eosinophils in 
the blood, spleen and bone marrow of BALB/c mice 4 d after the final 
injection (Fig. 7a). Depletion of eosinophils affected the total number 

of plasma cells and the number of antigen-specific plasma cells in the 
bone marrow to an equal extent (Fig. 7b,c). Just 1 week after the first 
injection of antibody to Siglec-F, the frequency of bone marrow plasma 
cells was 50% lower and on average, 16% of the remaining plasma cells 
were positive for annexin V (Fig. 7d), which suggested that in the 
absence of eosinophils, plasma cells undergo apoptosis. We observed 
a lower number of plasma cells after depletion of eosinophils only in 
the bone marrow. We observed no effect on the number of plasma cells 
(Fig. 7b,c) and no greater frequency of annexin V–positive plasma cells 
(Fig. 7d) in the spleen. These data demonstrate that eosinophils have 
a pivotal role for the long-term survival of plasma cells in the bone 
marrow. As the main source of plasma cell survival factors, eosinophils 
are an essential part of the plasma cell survival niche.

DISCUSSION
The bone marrow provides a microenvironment that supports  
the long-term maintenance of plasma cells by providing survival 
factors such as IL-6 and APRIL16–18. Our work here has shown that 
F4/80+Gr-1lo eosinophils were the main source for these survival  
factors in the bone marrow. In vitro coculture showed that eosino
phils supported plasma cell survival by secreting APRIL and  
IL-6. The analysis of eosinophil-deficient mice showed that in the 
absence of eosinophils, the maintenance of plasma cells in the bone  
marrow was impaired. We have demonstrated that eosinophils were 
required both for plasma cell retention and also for the long-term  
survival of these cells in the bone marrow. Thus, our data indicate 
eosinophils are central players in the long-term maintenance of 
immune protection.

Expression of CXCR4 on mature eosinophils and plasma cells may 
confer similar homing properties to both cell types, resulting in their 
colocalization to sites of CXCL12 secretion. During hematopoiesis, 
CXCR4 is required for the retention of eosinophil precursors in the 
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bone marrow33,34, and during immune responses, CXCL12 secreted 
by bone marrow stromal cells may guide resident eosinophils into the 
plasma cell survival niche12,13. Although both eosinophils and mono-
cytes and macrophages express CXCR4, we found that eosinophils 
colocalized mainly with plasma cells. Lower surface expression of 
CXCR4 on monocytes and macrophages may explain this preferential 
association of eosinophils with plasma cells.

We assessed the importance of eosinophils for the long-term main-
tenance of plasma cells in the bone marrow using ∆dblGATA-1 mice, 
a mouse strain that has normal immune structures but lacks mature 
eosinophils. We used phOx antigen precipitated in aluminum hydrox-
ide for primary immunization. This adjuvant induces antigen-inde-
pendent activation of eosinophils measurable as an enhanced IL-4 
secretion35,36. Activated eosinophils promote the early population 
expansion and differentiation of antigen-specific B cells into IgM-
secreting plasma cells35. However, after secondary immunization 
with soluble phOx, we noted even greater activation, and enhanced 
IL-4 secretion by eosinophils was accompanied by higher expression 
of the plasma cell survival factors APRIL and IL-6. This probably 
accounted for the finding that eosinophils isolated from mice after 
secondary immunization had improved ability to prolong the survival 
of plasma cells.

The finding that immunization of ∆dblGATA-1 mice with the 
T cell–dependent antigen phOx or infection with LCMV induced 
normal antigen-specific immune responses supports the idea that 
eosinophils are not required for the induction of either TH2 or TH1 
responses. However, eosinophils are needed for the retention and 
long-term maintenance of plasma blasts in the bone marrow. Our 
data suggest that eosinophils are required as a continuous source of 
survival factors. As soon as eosinophils are depleted, plasma cells 
rapidly die by apoptosis. Once plasmablasts have settled in the bone 
marrow and developed into mature plasma cells, they are apparently 
unable to leave the bone marrow. In line with that interpretation, we 
found no substantial increase in the number of plasma cells in the 
spleen of BALB/c mice depleted from eosinophils for 1 week. We 
observed relocation of plasma cells to the spleen only at the early 
phase of the immune response, when the newly generated plasma 
blasts were unable to accumulate in the bone marrow of eosinophil-
deficient ∆dblGATA-1 mice. Whereas eosinophils seem to provide a 
constitutive source of plasma cell survival factors in the bone marrow,  
dendritic cells and monocytes-macrophages, together with neutro
phils and epithelial cells, may provide sufficient APRIL and IL-6 to 
support the maintenance of plasma cells at peripheral sites, such as 
lymph nodes and lamina propria20,37,38.

Are eosinophils of importance in human immune responses? 
One indication that this may indeed be the case is provided by a 
report describing a patient with common variant immune deficiency 
who lacked eosinophils and had very few plasma cells in the bone  
marrow39. That finding supports the idea that like their mouse 
counterparts, human eosinophils have a major role in the sur-
vival of plasma cells. Eosinophils have an important role in 
chronic asthmatic inflammation, being critically involved in  
T cell activation in allergic inflammatory responses both as anti-
gen-presenting cells and also as a major source of TH2 cytokines 
such as IL-4 (refs.30,40). In allergic or asthmatic situations, eosino
phils attracted into the inflamed mucosal tissues may not only 
support the TH2-mediated inflammatory process but also prolong 
the ectopic maintenance of plasma cells and thus further enhance 
the allergen-specific immune responses. As our data have shown 
that eosinophils are required for the long-term survival of plasma 
cells, eosinophil-directed therapy might provide a new therapeutic  

approach for the treatment of autoimmune diseases and other diseases  
in which plasma cells contribute to the pathogenesis.

Methods
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Mice. BALB/c mice were from Charles River Laboratories; ∆dblGATA-1 
mice (BALB/c background) were from The Jackson Laboratory; and PHIL 
(C57BL/6 background) and C57BL/6 mice were from Mayo Clinic Arizona, US.  
For primary immunization, mice were immunized intraperitoneally with  
100 µg phOx coupled to chicken serum albumin (CSA), precipitated with 
aluminium hydroxide or emulsified in complete Freund’s adjuvant. After 6–8 
weeks, mice were boosted intravenously with 100 µg soluble antigen. BALB/c 
and ∆dblGATA-1 mice were infected with 2 × 106 plaque-forming units of 
LCMV strain WE. Animal experiments were approved by the animal care and 
use committee (Landesamt für Gesundheit und Soziales, Berlin).

Antibodies and reagents. Antibody to CD11b (anti-CD11b; M1/70), anti-
CD11c (N418), anti-Ly6G (Gr-1, RB6-8C5), anti-F4/80, anti-VCAM-1 (6C71), 
anti-IL-6 (MP5-20F3), anti-B220 (RA3.6B2), anti-IgD (11.26c), anti-GL-7, 
anti-IgM (M41), anti-CD4 (GK1.5) and anti-CD21 (7G.6) were from Deutsches 
Rheuma-Forschungszentrum. Anti-Siglec-F (E50-2440), anti-CD138 (281-2), 
anti-CD23 (B3B4), anti-CXCR4 (2B11/CXCR4) and annexin V were from BD 
Pharmingen. Anti-FcεRIα (MAR-1) was from eBioscience; anti-APRIL (CSA-
836) was from Stressgen; anti-MOMA-1 (T-2012) was from BMA Biomedicals; 
and peanut agglutinin (PNA, B-1075) was from Vector. Rat IgG2a (KLH/G2a-
1-1), IgG2b (KLH/G2b-1-2), IgG1 (KLH/G1-2-2) and rabbit IgG (0111-01) 
(Southern Biotech) were used as isotype-matched control antibodies. Rabbit 
anti–mouse laminin (L 9393) was from Sigma; monoclonal rat anti–mouse 
MBP (MT-14.7) was from N.A. Lee and J.J. Lee. Fluorescent dye–conjugated 
secondary goat–anti rabbit IgG (A11010), anti-mouse IgG (A11001) and anti-
rat IgG (A21247) (Molecular Probes), streptavidin (S32354, 554064; Molecular 
Probes or BD) and sheep anti-Dig (Deutsches Rheuma-Forschungszentrum) 
were also used. Cell suspensions from spleen or bone marrow were stained for 
surface and intracellular expression as described25. Stained cells were analyzed 
with an LSR II and data were analyzed with FlowJo software.

Cell preparation and cell culture. Single-cell suspensions from bone mar-
row and spleen were prepared. For isolation of bone marrow dendritic cells, 
cells were stained with phycoerythrin–conjugated anti-CD11c, incubated with 
anti-phycoerythrin beads, enriched by magnetic-activated cell sorting and 
sorted by flow cytometry. For sorting of neutrophils, the CD11c− fraction 
was stained with anti-Gr-1 and anti-CD11b (Supplementary Fig. 1a). For 
isolation of eosinophils (R1), immature eosinophils (R2) and monocytes- 
macrophages (R3), bone marrow cell suspensions were depleted of B and T cells  
by magnetic-activated cell sorting and cells were stained with anti-CD11c anti-
FcεRIα, anti-Gr-1, anti-F4/80 and anti-CD11b. Bone marrow dendritic cells, 
basophils–mast cells and neutrophils were excluded by gating. The R1, R2 and 
R3 cell subsets were sorted based on SSC and CD11b (Supplementary Fig. 1b). 
Peritoneal cavity cells were plated for 2 h in RPMI 1640 medium supplemented 
with 10% (vol/vol) FCS (Gibco), 50 µM 2-mercaptoethanol (Sigma), 100 U/ml 
of penicillin and 100 µg/ml of streptomycin in 6-cm plastic dishes (Costar). 
Nonadherent cells were removed by washing four times with PBS and adherent 
macrophages were isolated (Supplementary Fig. 1c). Total bone marrow cell 
populations (1 × 106 cells/ml) or sorted bone marrow cell populations (2 × 105 
cells per 200 µl) were cultured for 24 h in RPMI 1640 medium supplemented 
as described above. Secretion of cytokines was measured by Bio-Plex (Bio-
Rad), the concentration of total IgG and antigen-specific IgG was measured 
by standard enzyme-linked immunosorbent assay.

Cytospins and immunostaining. For cytospins, 1 × 105 sorted bone marrow 
cells in 150 µl complete medium were deposited into 48-well plates (Costar) 
containing poly-L-lysine-coated 12-mm round cover slips (BD). After 3 h, 
plates were centrifuged, washed with PBS and fixed for 10 min with 100% 
cold ethanol.

Femurs and tibias were carefully flushed with DMEM (Gibco), then intact 
bone marrow and spleen were frozen immediately in Tissue-Tec optimum 
cutting temperature compound and stored at −70 °C. Tissue sections 5–7 µm 
in thickness were prepared and used for fluorescence or immunohistochemi-
cal staining.

Analysis of the immune response. BALB/c and ∆dblGATA-1 mice were 
immunized with phOx. Germinal center B cells (GL7+PNAhi) were sorted at 
day 15 and the variable region of the VkOx1 light chain genes sequenced28. 
Enzyme-linked immunospot analysis (Immunspot Analyzer; CTL) was used 
to determine the number plasma cells. Spleen or bone marrow cells (2 × 105) 
were diluted fivefold and incubated for 3 h on plates coated with anti–mouse 
immunoglobulin, phOx-CSA or GP1 (Millipore). After incubation with 
secondary antibody (Southern Biotech), spots were counted. Immunoglobulin 
titers were measured by standard enzyme-linked immunosorbent assay.

Gene expression analysis. Total RNA was extracted from 5 × 105 to 1 × 106 
cells with NucleoSpin RNA II (Macherey-Nagel) and was reverse-transcribed 
into cDNA with a Sensiscript RT kit (Qiagen). The expression of APRIL, IL-6, 
CXCR4 and CXCL12 was measured by RT-PCR and real-time PCR25 (primer 
sequences (TibMolBiol), Supplementary Table 1).

Co-culture of plasma cells and eosinophils. BALB/c mice were immunized 
with phOx, and 6 d after boosting, bone marrow CD138+ plasma cells were 
purified with an isolation kit (Miltenyi Biotec; Supplementary Fig. 1d). 
Plasma cells (1 × 102) were cultured with eosinophils in 96-well U-bottomed 
plates. After 24 h of coculture, cells were transferred to plates-coated with 
anti–mouse immunoglobulin and were incubated for additional 24 h at  
37 °C. Spots were counted by enzyme-linked immunospot. Other plasma cells  
(1 × 104) were cultured for 48 h together with eosinophils separately in 
Transwells (pore size, 5 µm; Costar) and the frequency of annexin V–﻿positive 
cells was determined. Blocking experiments included the soluble fusion pro-
tein TACI-Ig or anti-IL-6 (R&D Systems) or both. Human IgG or rat IgG1 was 
used as an isotype-matched control antibody.

Adoptive transfer of eosinophils. At day 6 after antigen boost, bone marrow 
cells from BALB/c mice underwent depletion by magnetic-activated cell sort-
ing with a ‘cocktail’ of antibodies (biotinylated anti-B220, anti-IgM, anti-CD4 
and anti-CD8) and eosinophils were sorted as described (Supplementary 
Fig. 1). Sorted eosinophils were transferred into ∆dblGATA-1 mice by intra-
venous injection on 2 consecutive days (1 × 107 cells per day), and 6 or 12 d 
later, the number and frequency of eosinophils in bone marrow was measured. 
For analysis of whether reconstitution with eosinophils restored the accumu-
lation of plasma cells, BALB/c and ∆dblGATA-1 mice were immunized with 
phOx-CSA in aluminium hydroxide and, 6 weeks later, ∆dblGATA-1 mice 
were reconstituted with eosinophils (daily intravenous injection of 1 × 107 
eosinophils between days −2 and +1 relative to boosting). On day 0, mice were 
boosted with soluble antigen and the number and frequency of plasma cells 
determined 6 and 12 d later.

Eosinophil depletion. BALB/c mice were injected intraperitoneally three 
times (every other day) with 20 µg soluble anti-mouse Siglec-F. Rat IgG2a 
was used as an isotype-matched control antibody (R&D Systems). At  
day 4 after the final injection, eosinophils were analyzed in bone marrow, 
blood and spleen and the number of plasma cells in bone marrow and 
spleen determined.

Statistical analysis. A paired two-tailed Student’s t-test and two-way analysis 
of variance with the assumption of equal variance of samples were used for 
statistical analysis.
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