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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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Eosinophils are required for the maintenance of 
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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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SUMMARY

Although in normal lamina propria (LP) large numbers
of eosinophils are present, little is known about their
role in mucosal immunity at steady state. Here we
show that eosinophils are needed to maintain im-
mune homeostasis in gut-associated tissues. By us-
ing eosinophil-deficient DdblGATA-1 and PHIL mice
or an eosinophil-specific depletion model, we found
a reduction in immunoglobulin A+ (IgA+) plasma cell
numbers and in secreted IgA. Eosinophil-deficient
mice also showed defects in the intestinal mucous
shield and alterations in microbiota composition in
the gut lumen. In addition, TGF-b-dependent events
including class switching to IgA in Peyer’s patches
(PP), the formation of CD103+ T cells including
Foxp3+ regulatory (Treg), and also CD103+ dendritic
cells were disturbed. In vitro cultures showed that
eosinophils produce factors that promote T-inde-
pendent IgA class switching. Our findings show
that eosinophils are important players for immune
homeostasis in gut-associated tissues and add to
data suggesting that eosinophils can promote tissue
integrity.

INTRODUCTION

The intestinal mucosal surface is composed of a single layer of
epithelial cells backed up by an underlying array of immune cells
in the lamina propria (LP) and protected on the luminal side by a
mucous layer, which contains substantial amounts of secreted
immunoglobulin A (IgA) antibodies (Artis, 2008; Brandtzaeg
and Pabst, 2004; Fagarasan et al., 2010). This barrier separates
the contents of the gut lumen from the underlying tissue. It must
be able to respond vigorously to invading pathogens while
ensuring that harmless commensals do not trigger chronic
inflammatory responses (Sansonetti, 2004). Eosinophils are an
integral part of the LP and their numbers increase substantially

in response to inflammatory reactions triggered by conditions
such as allergic food disorders or inflammatory bowel diseases
(Hogan et al., 2001; Mishra et al., 1999; Rothenberg et al.,
2001). Eosinophils are regarded as proinflammatory cells, which
also contribute to tissue remodeling and wound healing (Rothen-
berg and Hogan, 2006).
Recently eosinophils have been shown to have an important

role in adaptive immune responses by acting as key providers
of plasma cell survival factors in the bone marrow (BM). By
secretion of the cytokines a proliferation-inducing ligand (APRIL)
and interleukin-6 (IL-6), eosinophils ensure the longevity of
plasma cells, which in turn are responsible for the long-term
maintenance of protective antibody titers (Chu and Berek,
2012; Chu et al., 2011). Nevertheless, themajority of plasma cells
are not in the BM, but rather in the LP of the intestine (Brandtzaeg
and Pabst, 2004). Continuous activation of B cells by bacterial
compounds is thought to induce plasma cell differentiation in
the regional lymph nodes and in the gut associated lymphoid
tissues (GALT) including Peyer’s patches (PP) and isolated
lymphoid follicles (ILF). In contrast to the situation in peripheral
lymph organs, a germinal center reaction can be induced in PP
not only after B cell activation through the antigen receptor but
also after innate activation through Toll-like receptors (TLRs)
(Casola and Rajewsky, 2006; Fagarasan et al., 2010). T follicular
helper (Tfh) cells are required both for affinity maturation and for
the differentiation of germinal center B cells into plasma cells
(Zotos et al., 2010). In the PP, a specific subset of Tfh cells has
been shown to control the class switch of mucosal B cells to
IgA-expressing plasmablasts (Hirota et al., 2013; Tsuji et al.,
2009). The newly generated plasmablasts leave the PP and
migrate through the blood circulation, and a fraction of them
home to the LP. In the absence of competition from additional
newly generated plasmablasts they have a half-life there of at
least 4 months (Hapfelmeier et al., 2010).
Given the central role of eosinophils in maintenance of plasma

cells in the BM, we asked what role they might play for plasma
cells in the LP. We show that in eosinophil-deficient mice the
generation and maintenance of IgA plasma cells is impaired,
which results in a reduction in IgA concentrations. In vitro cul-
tures suggest that eosinophils promote IgA class switching
by providing active transforming growth factor-b (TGF-b). In

582 Immunity 40, 582–593, April 17, 2014 ª2014 Elsevier Inc.

2011	  

2014	  



Long-‐lived	  plasma	  cells	  in	  the	  bone	  marrow	  

•  Long-‐lived	  plasma	  cells	  are	  generated	  in	  the	  BM	  and	  maintained	  in	  niches	  
•  Plasma	  cell	  survival	  	  

–  in	  vitro:	  APRIL,	  IL-‐6,	  IL-‐10,	  IL-‐4	  and	  IL-‐5	  support	  survival	  
–  in	  vitro:	  IL-‐6	  is	  crucial	  for	  PC	  survival	  
–  in	  vivo:	  IL-‐6-‐deficient	  mice	  show	  a	  normal	  PC	  comparment	  in	  the	  BM	  
–  APRIL-‐deficient	  mice	  show	  much	  reduced	  PC	  survival	  (also	  BCMA-‐/-‐	  =	  APRIL	  receptor)	  

!  IL-‐6	  and	  APRIL	  are	  important	  to	  maintain	  plasma	  cells	  in	  the	  bone	  marrow	  

Aim:	  To	  idenMfy	  the	  bone	  marrow	  populaMon	  that	  supplies	  survival	  factors	  for	  PC	  



Bone	  marrow	  populaMons	  
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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 m. (c) Flow cytometry identifying three different CD11b+ subsets (R1, R2 and R3) among CD11c−Fc RI −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 M , peritoneal cavity macrophage 
(control); Mo & M , monocyte-macrophage. Scale bar, 15 m. (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 & M  (R3)) stained with antibodies specific for APRIL, IL-6 or MBP; nuclei were counterstained with the DNA-intercalating dye DAPI. 
Scale bar, 45 m. Data are representative of three to five experiments.
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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 m. (c) Flow cytometry identifying three different CD11b+ subsets (R1, R2 and R3) among CD11c−Fc RI −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 M , peritoneal cavity macrophage 
(control); Mo & M , monocyte-macrophage. Scale bar, 15 m. (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 & M  (R3)) stained with antibodies specific for APRIL, IL-6 or MBP; nuclei were counterstained with the DNA-intercalating dye DAPI. 
Scale bar, 45 m. Data are representative of three to five experiments.
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6-‐8	  weeks	  

PhOx-‐Chicken	  serum	  albumin	  	  
+	  AlOH	  or	  comp.	  Freund’s	  adjuvant	  
ip.	  100µg	  

Protocol	  

PhOx-‐Chicken	  serum	  albumin	  	  
iv.	  100µg	  

1˚	   2˚	  

ANALYSIS	  

6	  days	  

•  T-‐dependent	  immune	  response	  

•  anMgen-‐independent	  acMvaMon	  of	  eosinophils	  
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Activation of BM eosinophils in vivo. (a) BALB/c mice were immunized i.p. with Alum-

precipitated or CFA-emusified phOx-CSA (1o immunization) and 8 weeks later boosted i.v. 

with soluble antigen (2o immunization). At indicated time points BM cells were stained with 

antibodies specific for Gr-1 and Siglec-F. The percentage of eosinophils is shown as dot plots. 

(b) BALB/c mice were immunized i.p. with CFA-emusified phOx-CSA and 8 weeks later 

boosted i.v. with soluble antigen. Eosinophils were sorted from the BM of naive BALB/c and at 

days 0 and 6 of secondary immunization. The relative amount of IL-4, APRIL and IL-6 mRNA 

was determined. 4 mice per group were analyzed. All error bars are s.d.    
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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 

1,000

800

60 60

60
70
80

40 40

4030 30
3020 20
20

10 10 10
0 0 0

50 50

50

600

400

200

0

2
immunization

Naive

Naive Naive

Day 0 Day 6

Day 6 Day 6

0.048

0.001
0.002

0.033 0.005
0.0001

0.001
0.048

0.018

0.0053

0.011

0.004
0.036

0.00590.0016

0.003
NS

Med Med

Med – +
TranswellMed

Med

Eos

Eos

Hum
an

 lg
G

Hum
an

 lg
G +

ra
t lg

G1

Hum
an

 lg
G +

ra
t lg

G1

Rat 
lgG

1

TACI-lg -IL
-6

TACI-lg
 +

 
-IL

-6

TACI-lg
 +

-IL
-6

Eos Eos

Naive Day 61:101:51:1

0.028

IL
-4

 (
pg

/m
l)

S
ur

vi
vi

ng
 P

C
s 

(%
)

M
F

I (
A

P
R

IL
/C

tr
l)

IL
-6

 m
R

N
A

 (
R

U
)

IL
-6

 (
ng

/m
l)

A
P

R
IL

 m
R

N
A

 (
R

U
)

S
ur

vi
vi

ng
 P

C
s 

(%
)

60

40

30

20

10

0

50

60

9
8
7
6
5
4

4

4
3

3

3
2

2
2
1

1

1
0

0 0

0

0.5
0.4
0.3
0.2
0.1

5

5

6

40

30

20

10

0

50

A
nn

V
–  P

C
s 

(%
)

A
nn

V
–  P

C
s 

(%
)

S
ur

vi
vi

ng
 P

C
s 

(%
)

0.006

0.02

a b c d e f

g

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). -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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 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). -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 m. (b) Immunohistochemical staining (left) and confocal microscopy of 
immunofluorescence staining (right) of bone marrow sections from day 60 of  
secondary response. Scale bars, 20 m (left) or 10 m (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 m. 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 m. (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 m (main image) or 15 m (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.).3rd	  May	  2014	  Yasmin	  Köller	  

154 VOLUME 12 NUMBER 2 FEBRUARY 2011 NATURE IMMUNOLOGY

A RT I C L E S

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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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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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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(a) Microscopy of bone marrow sections from day 6 of secondary response, 
double stained with fluorescence-labeled antibodies (overlays). Scale bar, 
15 m. (b) Immunohistochemical staining (left) and confocal microscopy of 
immunofluorescence staining (right) of bone marrow sections from day 60 of  
secondary response. Scale bars, 20 m (left) or 10 m (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 m. 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 m. (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 m (main image) or 15 m (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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Figure 6 Eosinophils are required for the retention of plasma cells 
in the bone marrow. (a) Flow cytometry analysis of the frequency 
of Siglec-F+CD11bint eosinophils and Siglec-FintCD11bhi immature 
eosinophils from BALB/c mice, dblGATA-1 mice and dblGATA-1 mice 
6 and 12 d after reconstitution with eosinophils ( dblGATA-1 + Eos).  
(b) MBP staining of bone marrow tissue sections for analysis  
of eosinophils at day 6 (n = three mice per group). Scale bar, 150 m.  
(c,d) Frequency of CD138+ plasma cells (left) and number of antigen 
(Ag)-specific IgG plasma cells (right) in the bone marrow (c)  
and spleen (d) 6 and 12 d after the secondary immune response 
to phOx (n = three mice per group). Numbers above outlined areas 
indicate percent cells in each. P values, Student’s t-test. Data are 
representative of two experiments (error bars, s.d.).
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B cell development in �dblGATA-1 mice is normal. (a) BM and spleen cell suspensions 

were stained with anti-B220 and IgM or CD4, respectively. Gating on living lymphocytes 
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of �dblGATA-1 mice is normal. In the spleen the ratio of CD4 T cells and B cells are normal. 

(b) Splenocytes were stained with for B220, CD21, CD23, IgM and IgD. Gating on B220 

showed normal development of newly formed (NF) T1 and T2, marginal zone (MZ) and 

follicular (FO) B cells. Representative data from one of 4 animals are shown.    
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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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Figure 1  Bone marrow survival niches for early and late-stage B cells. Mature, peripheral B cells that 
are activated by foreign antigen (such as a virus) enter the germinal center reaction. They emerge 
as proliferating plasmablasts, which in turn differentiate into plasma cells capable of producing 
high-affinity antibodies against the foreign antigen. Expression of the homing receptor CXCR4 by 
plasma cells guides them to the bone marrow, where they localize with stromal cells expressing the 
CXCR4 ligand, CXCL12, and secrete antibody. Bone marrow eosinophils also express CXCR4, and join 
with stromal cells and plasma cells to form the plasma cell survival niche. Eosinophils participate 
by secreting APRIL, which delivers survival signals to plasma cells through their BCMA receptors. 
Megakaryocytes may also contribute to plasma cell survival by secreting APRIL. Very early B cell 
precursors (pre-pro-B cells) also associate with the CXCL12+ stromal cells but later develop into pro-B 
cells that require an independent survival niche based on IL-7+ stromal cells.

or allergic inflammation in the asthmatic lung. 
However, it has recently become apparent that 
eosinophils perform a diverse range of func-
tions in vivo that do not necessarily involve 
inflammation5. The role of eosinophils in the 
plasma cell niche is therefore another example 
of the versatility of this cell type. Interestingly, 
megakaryocytes, a separate hematopoietic cell 
type involved in the production of blood clot-
forming platelets, can also produce APRIL and 
may be involved in the bone marrow plasma 
cell niche7 (Fig. 1). The participation of other 
cell types in the plasma cell niche is consistent 
with the results of Chu et al., as ablation of 
eosinophils reduced but did not completely 
eliminate bone marrow plasma cells2. However, 
it seems clear that eosinophils have a key role 
in this niche, and establishing eosinophil- 
targeted therapies now seems to be a viable new 
option in manipulating bone  marrow plasma 
cell numbers.

An important factor in considering thera-
pies that target the plasma cell niche is that, 
like all the specialized hematopoietic niches 
within the bone marrow, it is of limited 

First, in situ analysis of the bone marrow 
showed that APRIL-expressing eosinophils 
localize in close proximity to both bone  marrow 
plasma cells and the CXCL12+VACM-1+ 
stromal cells previously identified as essential 
for their maintenance1 (Fig. 1). Like plasma 
cells, eosinophils express the CXCL12 recep-
tor CXCR4 (ref. 6), making this the most 
likely means by which they are attracted to 
the plasma cell niche. Second, two mutant 
mouse strains genetically deficient in eosino-
phils ( dblGATA-1 and PHIL) have greatly 
reduced APRIL expression in the bone mar-
row as well as significant depletion of bone 
marrow plasma cells2. That the absence of 
eosinophils was directly responsible for this 
phenotype was indicated by the temporary, 
albeit partial, boost in bone marrow plasma 
cells that occurred after the transfer of wild-
type eosinophils into these mice2. Lastly, anti-
body-mediated depletion of eosinophils led 
to the apoptosis and overall depletion of bone 
marrow plasma cells in wild-type mice2.

Eosinophils are best known for mediating  
inflammatory responses against parasitic worms  

as terminally differentiated plasma cells, where 
they launch high-affinity antibodies into the 
circulation to seek out and destroy the invad-
ing foreign  antigen (Fig. 1). Plasma cells also 
require support and nourishment in a special-
ized bone marrow niche. Although the plasma 
cell niche is known to be distinct from the niche 
that sustains early B cell precursors1 (Fig. 1), it 
remains otherwise poorly defined. In this issue 
of Nature Immunology2, Chu, Berek and col-
leagues present new evidence that eosinophils 
make a key contribution to supporting the long-
term survival of bone marrow plasma cells. This 
somewhat surprising finding indicates that mul-
tiple cell types collaborate to maintain the bone 
 marrow plasma cell survival niche.

Much of the previous work identifying 
plasma cell survival factors has been per-
formed using in vitro systems involving the 
addition of recombinant cytokines or ex vivo 
cell preparations. Although this work has 
been important in indicating what could be 
happening in vivo, the specialized nature of 
survival niches makes a particularly strong 
case for in vivo experimentation to identify 
which cells and molecules actually do the job. 
The relative  inaccessibility of the bone marrow,  
as opposed to peripheral lymphoid organs 
such as the spleen and lymph nodes, has been 
a major obstacle in this respect. However, it 
was recently shown that over 90% of plasma 
cells in the bone marrow are associ ated with 
CXCL12-expressing mesenchymal stromal 
cells1. Plasma cells express high amounts of 
CXCR4, the receptor for CXCL12, and this 
receptor seems to have an important role not 
only in the homing of plasma cells to the bone 
marrow but also in their survival there. In vivo 
experiments have also revealed key roles for the 
TNF family cytokine APRIL and its receptor  
BCMA in maintaining plasma cell survival in 
the bone marrow3,4. However, APRIL is poorly 
expressed by the CXCL12+ bone marrow 
stromal cells3, indicating that separate APRIL-
expressing cell(s) are likely to be involved in 
this process. Identification of this unknown 
bone marrow cell was the starting point for 
the study of Chu et al.2.

The authors surveyed different populations 
of cells extracted from the bone marrow for 
APRIL secretion. The highest producers turned 
out to be the resident eosinophils, identifiable 
as such by the strong staining of their cyto-
plasmic vesicles with the acidic dye eosin and 
by their characteristic lobular nuclei5 (Fig. 1). 
They next performed several in vitro experi-
ments that strongly implied that eosinophils 
have an important role in supporting plasma 
cell survival. However, the most conclusive 
evidence came from a series of in vivo obser-
vations and experiments.
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Conclusions	  and	  summary	  

Summary	  

•  F4/80+	  Gr-‐1low	  populaMon	  in	  the	  BM	  
produces	  April	  and	  IL-‐6	  

•  the	  major	  source	  are	  eosinophils	  

•  Eosinophils	  provide	  survival	  factors	  
(APRIL	  and	  IL-‐6)	  for	  BM	  plasma	  cells	  	  

•  Eosinophils	  co-‐localise	  with	  plasma	  
cells	  in	  their	  niche	  (CXCR4	  
expression)	  



3rd	  May	  2014	  Yasmin	  Köller	  

Immunity

Article

Eosinophils Promote Generation and Maintenance
of Immunoglobulin-A-Expressing Plasma Cells
and Contribute to Gut Immune Homeostasis
Van Trung Chu,1,5 Alexander Beller,1 Sebastian Rausch,2 Julia Strandmark,2 Michael Zänker,3 Olga Arbach,4

Andrey Kruglov,1 and Claudia Berek1,*
1Deutsches Rheuma Forschungszentrum Berlin, a Leibniz Institute, 10117 Berlin, Germany
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SUMMARY

Although in normal lamina propria (LP) large numbers
of eosinophils are present, little is known about their
role in mucosal immunity at steady state. Here we
show that eosinophils are needed to maintain im-
mune homeostasis in gut-associated tissues. By us-
ing eosinophil-deficient DdblGATA-1 and PHIL mice
or an eosinophil-specific depletion model, we found
a reduction in immunoglobulin A+ (IgA+) plasma cell
numbers and in secreted IgA. Eosinophil-deficient
mice also showed defects in the intestinal mucous
shield and alterations in microbiota composition in
the gut lumen. In addition, TGF-b-dependent events
including class switching to IgA in Peyer’s patches
(PP), the formation of CD103+ T cells including
Foxp3+ regulatory (Treg), and also CD103+ dendritic
cells were disturbed. In vitro cultures showed that
eosinophils produce factors that promote T-inde-
pendent IgA class switching. Our findings show
that eosinophils are important players for immune
homeostasis in gut-associated tissues and add to
data suggesting that eosinophils can promote tissue
integrity.

INTRODUCTION

The intestinal mucosal surface is composed of a single layer of
epithelial cells backed up by an underlying array of immune cells
in the lamina propria (LP) and protected on the luminal side by a
mucous layer, which contains substantial amounts of secreted
immunoglobulin A (IgA) antibodies (Artis, 2008; Brandtzaeg
and Pabst, 2004; Fagarasan et al., 2010). This barrier separates
the contents of the gut lumen from the underlying tissue. It must
be able to respond vigorously to invading pathogens while
ensuring that harmless commensals do not trigger chronic
inflammatory responses (Sansonetti, 2004). Eosinophils are an
integral part of the LP and their numbers increase substantially

in response to inflammatory reactions triggered by conditions
such as allergic food disorders or inflammatory bowel diseases
(Hogan et al., 2001; Mishra et al., 1999; Rothenberg et al.,
2001). Eosinophils are regarded as proinflammatory cells, which
also contribute to tissue remodeling and wound healing (Rothen-
berg and Hogan, 2006).
Recently eosinophils have been shown to have an important

role in adaptive immune responses by acting as key providers
of plasma cell survival factors in the bone marrow (BM). By
secretion of the cytokines a proliferation-inducing ligand (APRIL)
and interleukin-6 (IL-6), eosinophils ensure the longevity of
plasma cells, which in turn are responsible for the long-term
maintenance of protective antibody titers (Chu and Berek,
2012; Chu et al., 2011). Nevertheless, themajority of plasma cells
are not in the BM, but rather in the LP of the intestine (Brandtzaeg
and Pabst, 2004). Continuous activation of B cells by bacterial
compounds is thought to induce plasma cell differentiation in
the regional lymph nodes and in the gut associated lymphoid
tissues (GALT) including Peyer’s patches (PP) and isolated
lymphoid follicles (ILF). In contrast to the situation in peripheral
lymph organs, a germinal center reaction can be induced in PP
not only after B cell activation through the antigen receptor but
also after innate activation through Toll-like receptors (TLRs)
(Casola and Rajewsky, 2006; Fagarasan et al., 2010). T follicular
helper (Tfh) cells are required both for affinity maturation and for
the differentiation of germinal center B cells into plasma cells
(Zotos et al., 2010). In the PP, a specific subset of Tfh cells has
been shown to control the class switch of mucosal B cells to
IgA-expressing plasmablasts (Hirota et al., 2013; Tsuji et al.,
2009). The newly generated plasmablasts leave the PP and
migrate through the blood circulation, and a fraction of them
home to the LP. In the absence of competition from additional
newly generated plasmablasts they have a half-life there of at
least 4 months (Hapfelmeier et al., 2010).
Given the central role of eosinophils in maintenance of plasma

cells in the BM, we asked what role they might play for plasma
cells in the LP. We show that in eosinophil-deficient mice the
generation and maintenance of IgA plasma cells is impaired,
which results in a reduction in IgA concentrations. In vitro cul-
tures suggest that eosinophils promote IgA class switching
by providing active transforming growth factor-b (TGF-b). In
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scarcely present at these follicular sites.
One possibility is that eosinophils regulate
IgA production indirectly by programing
PP precursor cells in the LP. Alternatively,
eosinophils impact the gut microbiota
independently of PPs, and in the absence
of eosinophils, increased bacterial load
and changed bacterial content alters PP
maturation and function.

A striking finding of the work by Chu
and colleagues is that in addition to IgA+

lymphocytes, numbers of mucosal-asso-
ciated T cells were vastly reduced in LP
of eosinophil-deficient mouse strains. In
normal situations, a significant fraction of
CD4+ T cells in LP are regulatory cells ex-
pressing the transcription factor Foxp3.
Some of the Foxp3+ cells are induced
in situ in response to signals derived
from bacteria and dietary components
(i.e., Toll-like receptors [TLRs], short-
chain fatty acids, or retinoic acid). The
absence of gut eosinophils correlated
with a significant and specific reduction
of Foxp3+ CD103+ T cells in the LP and
PPs that might be caused by changes
in the cytokine milieu in the absence of
eosinophils.

Foxp3+ T cells not only control the
activity of other T cell subsets, but also
regulate B cell responses in the PP GCs
through their capacity to differentiate
into T follicular regulatory (Tfr) cells and
sometimes Tfh cells. Tfr cells control GC
responses by limiting the number and
the quality of Tfh and thus the selection
of B cells (Kato et al., 2014). Whether the
skewed Tfh phenotype observed in eosin-
ophil-deficient mice is also caused by a
decrease in Tfr cell number and quality
in the GC of PPs remains to be deter-
mined. Such changes in GC T cells might
alter the selection of IgAs in PPs, gener-
ating IgA plasmablasts that would likely
fail to differentiate into plasma cells in
the LP.
The findings by Chu and colleagues

further shift the dogmatic view of eosino-
phils as cells associated with defense
against helminth infection or immunopa-
thology to cells essential for homeostasis
(Figure 1). There are several remaining
questions. For example, which exogenous
signals regulate eosinophil accumulation
at the mucosal barrier in homeostasis?
Precisely how do eosinophils support

mucosal T cell presence and function?
Why do only some intestinal villi harbor
eosinophils and IgA?
Eosinophils likely sustain IgA responses

by producing TGF-b1 and promoting its
processing to the active form via TLR-
dependent MMP production. Could
eosinophil-derived MMP via TGF-b1 acti-
vation or production of other cytokines
(e.g., TGF-a) also be important for regula-
tion of stromal extracellular matrix in the
gut? From these studies arises the possi-
bility that the GALT in eosinophil-deficient
mice subsides due to deterioration of the
extracellular matrix. The ability of eosino-
phils to maintain and regulate stromal
cells (SCs) might provide further mecha-
nistic insight as to how intestinal homeo-
stasis is compromised in eosinophil-defi-
cient mice. Indeed, a role for eosinophils
in tissue regeneration was recently high-
lighted (Heredia et al., 2013) suggest-
ing that tissue regeneration might be an
adaptation to ubiquitous multicellular par-
asites (that inflict damage to tissue).
Chu and colleagues observe that in the

absence of eosinophils the mucus layer is
impaired despite a normal number of
mucus-producing goblet cells. Whether
this is because of a mucus regulatory
defect in eosinophil-deficient mice or
because of dysbiosis in these mice re-
mains to be determined. The dysbiosis
observed in eosinophil-deficient mice is
characterized by a considerable reduc-
tion of Gram-positive bacteria, possibly
Firmicutes. This phylum contains the
most diverse bacterial species in the gut,
raising the possibility that in the absence
of eosinophils and the ensuing IgA and
T cell deficiency, the host cannot sustain
diversified bacterial communities in the
gut. Further studies will be required to
determine how eosinophils and specific
arms of the acquired immune system
modulated by eosinophils contribute to
establishment of symbiotic relationships
with gut bacteria.
It is a curious point as for what purpose

eosinophils help preferentially restrict
Gram-negative bacterial growth in favor
of Gram-positive bacteria. Helminths are
reported to regulate bacterial content,
and this might impact helminth fitness—
it is not known whether eosinophils are
involved in this adaptive process. One
emerging hypothesis is that eosinophils
can promote mutualism with helminths.
Hence, by regulating bacterial content,

Figure 1. A Model to Integrate Eosinophil Function with Intestinal IgA Production
(A) Gut eosinophils produce metalloproteases (i.e., MMP9), which, by activating TGF-b1 presented by
local SCs or dendritic cells (DCs), might support induction and maintenance of Foxp3+ T cells in GALT
LP or PPs.
(B) In the PPs, activated Foxp3+ T cells differentiate into Tfr cells and seed the germinal centers, in which,
by regulating the quality of Tfh cells (i.e., IL-21 versus IL-4 production), contribute to IgA class-switch
recombination and selection of IgA-expressing B cells upon somatic hypermutation introduced by AID.
(C) By secreting IL-6 and APRIL, LP eosinophils promote IgA plasma cell survival and perhaps maturation
of plasmablasts into plasma cells.
(D) SIgAs generated in the presence of eosinophils promote colonization and diversification of Gram-pos-
itive bacteria by restricting Gram-negative bacterial overgrowth.
(E) Gut eosinophils also stimulate mucus production—an important physical and chemical barrier modu-
lating the complex crosstalk between the external environment and the host immune system.
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Small	  intesKnal	  lamina	  propria	  eosinophils	  

•  5%	  of	  small	  intesMnal	  lamina	  propria	  immune	  cells	  are	  eosinophils	  	  
•  !	  funcMon	  under	  homeostasis	  is	  unclear	  

!
!
Figure,S1,,related,to,Figure,1.,Changes,in,the,enteric,microbiota,in,eosinophil=deficient,

mice., (A)!Frequencies!and!absolute!numbers!of!GrN1lo!CD11b+!SiglecNF+!eosinophils! in!MLN,!

PP!and!LP!of!BALB/c!mice,!(B)!number!of!IgA!plasma!cells!in!the!LP!of!BALB/c!and!ΔdblGATAN

1!mice!determined!by!ELISPOT.!(CNF)!Total!numbers!of!propidium!iodide!(PI+)!fecal!bacteria!

were! counted! by! flow! cytometry,! staining! with! Alexa! 488! conjugated! WGA! was! used! to!

determine! the! ratio! of! WGA+NGram+N! to! WGA—GramN! fecal! bacteria.! Feces! from! coNhoused!

BALB/c! and! ΔdblGATAN1! were! compared.! (E)! Quantitative! RTNPCR! to! detect! different!

bacterial! groups.! Data! displayed! as! relative! unit! (RU)! of! the! abundance! for! each! of! the!

bacterial! groups.! (F)! For! PHIL! mice,! numbers! of! PI+! fecal! bacterial! (left)! and! the! ratio! of!

Gram+!to!GramN!bacteria!(right)!determined!as!described!above.! !Data!are!means!±!SD!(*p!<!

0.05,!**p!<!0.01,!***p!<!0.001).!
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eosinophil-deficient mice, the development of CD103+ T cells,
including forkhead box P1 (Foxp3)+ T regulatory (Treg) cells,
and also CD103+ DC is affected, suggesting a lack of active
TGF-b. These changes are accompanied by changes in the gut
flora thus showing eosinophils contribute to the balance be-
tween the microbiota and the immune system.

RESULTS

Eosinophils and Plasma Cells Colocalize in Murine and
Human LP
To determine the frequency of eosinophils in PP,MLN and the LP
of the murine small intestine, cell suspensions were prepared,
stained with Gr-1-, CD11b- and Siglec-F-specific antibodies
and analyzed by flow cytometry. On average, 5% of the cells in
the LP are eosinophils, whereas in PP andMLN only a few eosin-

ophils are detectable (see Figure S1A available online). Murine
LP sections stained with antibodies specific for the major basic
protein (MBP), a marker protein of eosinophils, with anti-IgA
antibodies as a marker of plasma cells and with laminin-specific
antibodies to visualize the extracellular matrix, showed that the
LP is densely populated by both eosinophils and plasma cells,
and that most of the plasma cells are in close proximity to eosin-
ophils (Figure 1A, left panel).
Biopsies of the human colonwere stainedwith antibodies spe-

cific for plasma cells (IgA), eosinophils (MBP), and the extracel-
lular matrix (Laminin). Areas containing high numbers of plasma
cells also contain high numbers of eosinophils (Figure 1A, middle
panel) andmost of the IgA+plasmacells are in contactwith neigh-
boring eosinophils (Figure 1A, yellow squares in right panel).
To ask whether gut eosinophils express plasma cell survival

factors, murine and human intestinal tissue sections were

Figure 1. Plasma Cell Numbers and Secreted IgA Are Reduced in the LP of Eosinophil-Deficient DdblGATA-1 Mice
(A) The presence of eosinophils and plasma cells was determined by staining murine intestine (left) and human colon (middle and right) sections with antibodies

specific for IgA, MBP, and Laminin.

(B) Cytokine expression was shown by staining murine intestine (left and middle) and human colon (right) sections for IgA, MBP, and APRIL or IL-6.

(C) Tissue sections from murine intestine (left) and colon (right) of BALB/c and DdblGATA-1 mice were compared by staining as described above.

(D) Concentration of IgA antibodies in serum, luminal intestine, and feces was measured by ELISA.

(E) IgA-coated fecal bateria were counted by staining enteric bacteria with anti-mouse IgA and propidium iodide (PI) and analyzing by flow cytometry.

(F) The mucus layer was visualized by staining colon sections with WGA and phalloidin.

All sections were counterstained with DAPI. Scale bar represents 50 mm. Representative data are shown. Data are means ± SD (**p < 0.01, ***p < 0.001).
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Eosinophils	  in	  the	  small	  intesMne	  produce	  April	  and	  IL-‐6	  as	  do	  
eosinophils	  in	  the	  bone	  marrow	  

Human	  

"  Eos	  co-‐localise	  with	  IgA+	  B	  cells	  
"  All	  eos	  produce	  APRIL,	  most	  of	  them	  IL-‐6	  

Figure	  1	  
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eosinophil-deficient mice, the development of CD103+ T cells,
including forkhead box P1 (Foxp3)+ T regulatory (Treg) cells,
and also CD103+ DC is affected, suggesting a lack of active
TGF-b. These changes are accompanied by changes in the gut
flora thus showing eosinophils contribute to the balance be-
tween the microbiota and the immune system.

RESULTS

Eosinophils and Plasma Cells Colocalize in Murine and
Human LP
To determine the frequency of eosinophils in PP,MLN and the LP
of the murine small intestine, cell suspensions were prepared,
stained with Gr-1-, CD11b- and Siglec-F-specific antibodies
and analyzed by flow cytometry. On average, 5% of the cells in
the LP are eosinophils, whereas in PP andMLN only a few eosin-

ophils are detectable (see Figure S1A available online). Murine
LP sections stained with antibodies specific for the major basic
protein (MBP), a marker protein of eosinophils, with anti-IgA
antibodies as a marker of plasma cells and with laminin-specific
antibodies to visualize the extracellular matrix, showed that the
LP is densely populated by both eosinophils and plasma cells,
and that most of the plasma cells are in close proximity to eosin-
ophils (Figure 1A, left panel).
Biopsies of the human colonwere stainedwith antibodies spe-

cific for plasma cells (IgA), eosinophils (MBP), and the extracel-
lular matrix (Laminin). Areas containing high numbers of plasma
cells also contain high numbers of eosinophils (Figure 1A, middle
panel) andmost of the IgA+plasmacells are in contactwith neigh-
boring eosinophils (Figure 1A, yellow squares in right panel).
To ask whether gut eosinophils express plasma cell survival

factors, murine and human intestinal tissue sections were

Figure 1. Plasma Cell Numbers and Secreted IgA Are Reduced in the LP of Eosinophil-Deficient DdblGATA-1 Mice
(A) The presence of eosinophils and plasma cells was determined by staining murine intestine (left) and human colon (middle and right) sections with antibodies

specific for IgA, MBP, and Laminin.

(B) Cytokine expression was shown by staining murine intestine (left and middle) and human colon (right) sections for IgA, MBP, and APRIL or IL-6.

(C) Tissue sections from murine intestine (left) and colon (right) of BALB/c and DdblGATA-1 mice were compared by staining as described above.

(D) Concentration of IgA antibodies in serum, luminal intestine, and feces was measured by ELISA.

(E) IgA-coated fecal bateria were counted by staining enteric bacteria with anti-mouse IgA and propidium iodide (PI) and analyzing by flow cytometry.

(F) The mucus layer was visualized by staining colon sections with WGA and phalloidin.

All sections were counterstained with DAPI. Scale bar represents 50 mm. Representative data are shown. Data are means ± SD (**p < 0.01, ***p < 0.001).
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eosinophil-deficient mice, the development of CD103+ T cells,
including forkhead box P1 (Foxp3)+ T regulatory (Treg) cells,
and also CD103+ DC is affected, suggesting a lack of active
TGF-b. These changes are accompanied by changes in the gut
flora thus showing eosinophils contribute to the balance be-
tween the microbiota and the immune system.

RESULTS

Eosinophils and Plasma Cells Colocalize in Murine and
Human LP
To determine the frequency of eosinophils in PP,MLN and the LP
of the murine small intestine, cell suspensions were prepared,
stained with Gr-1-, CD11b- and Siglec-F-specific antibodies
and analyzed by flow cytometry. On average, 5% of the cells in
the LP are eosinophils, whereas in PP andMLN only a few eosin-

ophils are detectable (see Figure S1A available online). Murine
LP sections stained with antibodies specific for the major basic
protein (MBP), a marker protein of eosinophils, with anti-IgA
antibodies as a marker of plasma cells and with laminin-specific
antibodies to visualize the extracellular matrix, showed that the
LP is densely populated by both eosinophils and plasma cells,
and that most of the plasma cells are in close proximity to eosin-
ophils (Figure 1A, left panel).
Biopsies of the human colonwere stainedwith antibodies spe-

cific for plasma cells (IgA), eosinophils (MBP), and the extracel-
lular matrix (Laminin). Areas containing high numbers of plasma
cells also contain high numbers of eosinophils (Figure 1A, middle
panel) andmost of the IgA+plasmacells are in contactwith neigh-
boring eosinophils (Figure 1A, yellow squares in right panel).
To ask whether gut eosinophils express plasma cell survival

factors, murine and human intestinal tissue sections were

Figure 1. Plasma Cell Numbers and Secreted IgA Are Reduced in the LP of Eosinophil-Deficient DdblGATA-1 Mice
(A) The presence of eosinophils and plasma cells was determined by staining murine intestine (left) and human colon (middle and right) sections with antibodies

specific for IgA, MBP, and Laminin.

(B) Cytokine expression was shown by staining murine intestine (left and middle) and human colon (right) sections for IgA, MBP, and APRIL or IL-6.

(C) Tissue sections from murine intestine (left) and colon (right) of BALB/c and DdblGATA-1 mice were compared by staining as described above.

(D) Concentration of IgA antibodies in serum, luminal intestine, and feces was measured by ELISA.

(E) IgA-coated fecal bateria were counted by staining enteric bacteria with anti-mouse IgA and propidium iodide (PI) and analyzing by flow cytometry.

(F) The mucus layer was visualized by staining colon sections with WGA and phalloidin.

All sections were counterstained with DAPI. Scale bar represents 50 mm. Representative data are shown. Data are means ± SD (**p < 0.01, ***p < 0.001).

Immunity

Eosinophils Essential for Gut Immune Homeostasis

Immunity 40, 582–593, April 17, 2014 ª2014 Elsevier Inc. 583

"  reduced	  
intesMnal	  IgA	  

"  less	  IgA-‐coated	  
bacteria	  

"  disrupted	  mucus	  layer,	  but	  
normal	  numbers	  of	  goblet	  
cells	  

"  reduced	  IgA+	  
cells	  in	  the	  siLP	  

Figure	  1	  



3rd	  May	  2014	  Yasmin	  Köller	  

antigens isolated from the cecum (CBA) in the presence
or absence of GR1lo MHCII! CD11b+ LP eosinophils. After
5 days, a significant 4-fold increase in the frequency of IgA+ B
cells, as well as an increase in IgA antibody titer, was observed
in cultures supplemented with LP eosinophils (Figure 3A).
Furthermore, B220+ IgD+ B cells isolated from the spleen

and cocultured with GR1lo MHCII! CD11b+ eosinophils isolated
from the LP (Figure S3A) showed AID expression upon activa-
tion with LPS or CBA (Figure 3B). However, IgA germline (a GL)
transcripts were only seen when eosinophils were present. This
shows that eosinophils are able to support the induction of IgA

class switch in vitro (Figure 3B). a GL transcripts were not
observed when B cells were incubated with CBA and eosino-
phils isolated from the LP of MyD88 and TRIF double-deficient
mice (Figure 3B).
The induction of a GL transcripts in splenic IgD+ B cells cocul-

tured with eosinophils, suggests that eosinophils express
TGF-b1, although active TGF-b was not detected in culture su-
pernatants (data not shown). However, matrix metalloprotease
9 (MMP9), one of the proteases required for release of active
TGF-b1 from the large latent TGF-b1 protein complex, was found
in high amounts in the culture supernatants (Figure 3C) (Munger

Figure 2. Eosinophils Are Essential for the Maintenance of IgA+ Plasma Cells
(A and B) Analysis of eosinophil-deficient PHIL and C57BL/6 control animals. (A) Intestinal tissue sections from C57Bl/6 (upper panel) and from PHIL mice (lower

panel) were stained with antibodies specific for IgA and MBP (left panel). To visualize the mucus layer, we stained colon sections with WGA and phalloidin (right

panel). Sections were counterstained with DAPI. Scale bar represents 50 mm. (B) Concentration of IgA antibodies in serum, luminal intestine, and feces was

measured by ELISA.

(C) IgA plasma cells and eosinophils were sorted from the LP of BALB/c mice. Plasma cells were cultured with and without eosinophils for 2 days. Apoptotic

plasma cells were detected by staining with Annexin-V and DAPI.

(D) BALB/cmicewere injected with 20 mg Siglec-F specific antibodies. On the days indicated, LP tissue sections were prepared and stained with anti-MBP (upper

panels) or anti-IgA (lower panels).

(E and F) BALB/cmicewere injected 6 timeswith 20 mg Siglec-F-specific antibodies or isotypematched rat IgG2a for 2weeks (three times per week) and analyzed

3 days later. Three animals per groupwere treated. (E) Flow cytometric analysis was used tomeasure the frequencies and total numbers of B220+IgM+ and IgA+ B

cells and B220!IgA+ plasma cells in the LP. (F) The amount of IgA in serum and intestinal lumen was determined by ELISA.

Data are representative for three similar experiments. Data are means ± SD (*p < 0.05, ***p < 0.001).
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antigens isolated from the cecum (CBA) in the presence
or absence of GR1lo MHCII! CD11b+ LP eosinophils. After
5 days, a significant 4-fold increase in the frequency of IgA+ B
cells, as well as an increase in IgA antibody titer, was observed
in cultures supplemented with LP eosinophils (Figure 3A).
Furthermore, B220+ IgD+ B cells isolated from the spleen

and cocultured with GR1lo MHCII! CD11b+ eosinophils isolated
from the LP (Figure S3A) showed AID expression upon activa-
tion with LPS or CBA (Figure 3B). However, IgA germline (a GL)
transcripts were only seen when eosinophils were present. This
shows that eosinophils are able to support the induction of IgA

class switch in vitro (Figure 3B). a GL transcripts were not
observed when B cells were incubated with CBA and eosino-
phils isolated from the LP of MyD88 and TRIF double-deficient
mice (Figure 3B).
The induction of a GL transcripts in splenic IgD+ B cells cocul-

tured with eosinophils, suggests that eosinophils express
TGF-b1, although active TGF-b was not detected in culture su-
pernatants (data not shown). However, matrix metalloprotease
9 (MMP9), one of the proteases required for release of active
TGF-b1 from the large latent TGF-b1 protein complex, was found
in high amounts in the culture supernatants (Figure 3C) (Munger

Figure 2. Eosinophils Are Essential for the Maintenance of IgA+ Plasma Cells
(A and B) Analysis of eosinophil-deficient PHIL and C57BL/6 control animals. (A) Intestinal tissue sections from C57Bl/6 (upper panel) and from PHIL mice (lower

panel) were stained with antibodies specific for IgA and MBP (left panel). To visualize the mucus layer, we stained colon sections with WGA and phalloidin (right

panel). Sections were counterstained with DAPI. Scale bar represents 50 mm. (B) Concentration of IgA antibodies in serum, luminal intestine, and feces was

measured by ELISA.

(C) IgA plasma cells and eosinophils were sorted from the LP of BALB/c mice. Plasma cells were cultured with and without eosinophils for 2 days. Apoptotic

plasma cells were detected by staining with Annexin-V and DAPI.

(D) BALB/cmicewere injected with 20 mg Siglec-F specific antibodies. On the days indicated, LP tissue sections were prepared and stained with anti-MBP (upper

panels) or anti-IgA (lower panels).

(E and F) BALB/cmicewere injected 6 timeswith 20 mg Siglec-F-specific antibodies or isotypematched rat IgG2a for 2weeks (three times per week) and analyzed

3 days later. Three animals per groupwere treated. (E) Flow cytometric analysis was used tomeasure the frequencies and total numbers of B220+IgM+ and IgA+ B

cells and B220!IgA+ plasma cells in the LP. (F) The amount of IgA in serum and intestinal lumen was determined by ELISA.

Data are representative for three similar experiments. Data are means ± SD (*p < 0.05, ***p < 0.001).
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plasmablasts was less than one tenth of that seen in BALB/c
mice (Figure 5B, right lower panel). This is in line with the reduced
number of IgA+ plasma cells both in the LP and in ILF of eosino-
phil-deficient mice. The effect of eosinophil deficiency on the
number of IgA+ plasma cells was surprising, as at steady state
in PP and also in ILF ofWTmice, only a few eosinophils are found
(Figures S1A and S5A, left panel). Similar to PP, the structure and
cellular organization of ILF was not affected by the absence of
eosinophils (Figure S5A).

Preferential Switch to IgG1 in the GALT of DdblGATA-1
Mice
Gating on CD138hi B220lo cells showed that the frequency of
IgM+ plasmablasts in PP of DdblGATA-1 mice was only slightly
higher than in WT animals, although the frequency of IgA!

IgM! plasmablasts was increased (Figure 5B, left lower panel).

Analysis of the IgG isotype of GC B cells showed that the
frequency of IgG2b+ B220+ PNAhi B cells in DdblGATA-1 mice
was in the same range as seen in BALB/c mice (Figure 5C, lower
histograms). We found that the large majority of B220+ PNAhi B
cells in the PP of the DdblGATA-1 had switched to IgG1 rather
than to IgA so that even though the total number of germinal cen-
ter B cells in theDdblGATA-1mouse was only one quarter of that
in BALB/c mice, the absolute number of IgG1 expressing B cells
was nearly doubled (Figures 5C, graphs).
To further examine the importance of eosinophils for IgA class

switching in the PP, we performed prolonged depletion of
eosinophils. Two weeks of eosinophil deficiency was sufficient
to affect the generation of IgA+ B cells in PP, in which, despite
the normal frequency of PNAhi germinal center B cells (Fig-
ure S5B), there was a shift toward IgG1+ B cells (Figure 5D).
These experiments show that eosinophils are needed for

Figure 4. The Number of IgA+ B and Plasma Cells Is Reduced in the LP of Eosinophil-Deficient Mice
(A) Flow cytometric analysis for IgM+ and IgA+ B cells and B220! plasma cells in the LP. Number and frequencies of B220+ IgM+ and IgA+ B cells and B220! IgA+

plasma cells were determined for eosinophil-deficient and WT mice.

(B) Plots showing the frequency of CD5+ IgA+ B1 and CD5! IgA+ B2 cells in the LP of DdblGATA-1 and WT mice.

(C) The size of PP in eosinophil-deficient and WT mice was measured under a stereo microscope. Cell numbers per PP in DdblGATA-1 and WT mice were

determined from cell suspensions.

(D and E) Flow cytometric analysis of B220+ PNAhi GC B cells (D) and B220lo CD138+ plasmablasts (PB) (E) in PP of DdblGATA-1 and WT mice. Plots show

frequency and absolute numbers of B220+ PNAhi GC B cells (D) and CD138hi plasmablasts (E).

Data are means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).
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and Sheppard, 2011). Further enhancement of MMP9 expres-
sion was seen when LP eosinophils were activated by CBA (Fig-
ure 3C), whereas in culture supernatants with eosinophils from
MyD88 and TRIF double-deficient mice practically no MMP9
was detected (Figure 3C). In addition, in line with gene-expres-
sion profiling (Geo accession GSE33807, Wen et al., 2012) gut
eosinophils express mRNA for MMP2 and for integrin an both
of which might contribute to the activation of TGF-b (data not
shown).

TGF-b1, MMP2, and MMP9 mRNA was measured in the
gastrointestinal tract of DdblGATA-1 andWTmice, and although
only a slight reduction in TGF-b1 was observed (Figure S3B, left),
MMP2 and MMP9 expression was substantially reduced in PP,
duodenum, jejunum, and ileum (Figure S3B, middle and right).
These findings suggest that intestinal eosinophils are an impor-
tant source for TGF-b activating factors.

Eosinophils in the LP express high amounts of TLR2, TLR4,
TLR5, TLR7, and TLR9 (Figure S3C), and they respond to TLR
ligands, as they upregulate the expression of mRNA for APRIL
and IL-6, and also for TGF-b1 when incubated with CBA (Fig-
ure S3D).MyD88 and TRIF double-deficient animals have normal
numbers of eosinophils, however, the expression of cytokines
and factors required for B cell differentiation is reduced. These
findings give further evidence that activation of intestinal eosino-
phils is dependent on signaling though the adaptor molecules
MyD88 and TRIF (Figure 3D) and suggest that eosinophils
respond to the intestinal microbiota by enhanced expression
of cytokines required for B cell differentiation and plasma cell
maintenance.

The Development of PP and ILF Is Normal in Eosinophil-
Deficient Mice
In the LP of eosinophil-deficient mice, numbers of IgA+ B and
plasma cells were reduced, whereas the frequency and absolute
number of IgM+ B cells was normal (Figure 4A). Furthermore, the
few remaining IgA+ B cells almost all belonged to the CD5+ B1
subset (Figure 4B). The finding that in eosinophil-deficient mice
CD5! IgA+ B2 cells were nearly absent, suggests that the gener-
ation of IgA+ B cells in germinal centers of the PP is impaired.
Both eosinophil-deficient DdblGATA-1 and PHIL mice have

normal numbers of PP, but they are smaller than those detected
in WT mice (Figure 4C). Staining of PP tissue sections with anti-
bodies specific for CD4 showed normal organization of the T and
the B cell zones (Figure S4A, left panel), as well as normal fre-
quencies of T and B cells (Figure S4B). However, consistent
with the smaller size of PP in DdblGATA-1 mice, absolute
numbers of T and B cells were reduced (Figures S4B, right
panel).
Germinal centers developed normally in theDdblGATA-1mice

(Figure S4A, right panel) and the frequency of PNAhi germinal
center B cells was in the same range as in WT controls (Fig-
ure 4D). Furthermore, staining with CD138-specific antibodies
showed normal frequencies of plasmablasts (Figure 4E).
Despite normal development of germinal centers and normal

plasma cell differentiation, the frequency of IgA+ B cells and
also of IgA+ plasmablasts was lower in the PP of DdblGATA-1
mice (Figure 5A and 5B). Thus, although the total number of cells
in PP of DdblGATA-1 mice was approximately one third (Fig-
ure 4C, right lower panel) the absolute number of B220+IgA+

Figure 3. In Vitro Eosinophils Support Both Plasma Cell Survival and B Cell Differentiation
(A) Sorted LP IgM+ B cells were stimulated with CBA in the presence or absence of LP eosinophils for 5 days. Cells were stained with antibodies specific for B220

and IgA (contour plots) and the percentage of IgA+ B cells determined. The amount of IgA in the culture supernatants was measured by ELISA (histogram). Data

are means ± SD (**p < 0.01).

(B and C) IgM+ B cells were sorted from spleen and cocultured for 5 days with eosinophils isolated from the LP of C57Bl/6 (WT) orMyD88 and TRIF-deficient mice

(double knockout: dbl ko). Expression of AID and IgA germline transcripts (aGL) are visualized by PCR (B), MMP9 expression determined by ELISA (C). For each

of the conditions, results from two cocultures are shown.

(D) GR-1lo CD11b+ eosinophils were isolated by exclusion of MHCII+ cells from the LP of WT orMyD88 and TRIF double-deficient mice, RNA was extracted and

gene expression analyzed by real-time PCR. Representative data from one of three experiments are shown.
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DdblGATA-1 mice, which instead expressed increased amounts
of GATA-3 in line with enhanced expression of TH2-type cyto-
kines. As expected, normal amounts of Tbet, the transcription
factor controlling Th1 cell differentiation, were expressed by
Tfh cells in the DdblGATA-1 mice (Figure 6D).
When Tfh cells were isolated from the spleens of animals

immunized with the T cell-dependent antigen 2-phenyl-oxazo-
lone, there was no significant difference in cytokine expression
between BALB/c and DdblGATA-1 mice (Figure S6B and S6C).
Furthermore, Sox4 expression was not increased in Tfh cells iso-
lated from the spleen, nor was GATA-3 differentially expressed
in splenic T cells from immunized DdblGATA-1 mice and WT
animals (Figure S6D). Because Sox4 is a downstream target of
TGF-b signaling (Kuwahara et al., 2012), these further suggest
reduced TGF-b concentrations in PP of eosinophil-deficient
mice.

Mucosal T Cell and DC Compartments Are Affected by
Eosinophil Deficiency
To further analyze themucosal T cell compartment, we prepared
cell suspensions from eosinophil-deficient and control animals
from the LP, PP, and MLN. In the LP, the frequency and number
of CD4+ T cells was reduced (Figure 7A). Normally, themajority of
CD4+ T cells in the LP express CD103, the alpha chain of a TGF-
b1 inducible integrin (Feuerer et al., 2010; Kilshaw and Murant,
1990); however, in the LP of both DdblGATA-1 and PHIL mice,
we saw reduced numbers of CD103+ CD4+ T cells (Figure S7A).
Staining with antibodies against CD4, CD103, and Foxp3
showed a specific reduction for CD4+ CD103+ T cells including
CD103+ Treg cells in DdblGATA-1 mice (Figure 7B, upper
panels).
In PP, the frequency of total CD4+ Foxp3+ Treg cells was only

slightly reduced (Figure 7B, middle panel), although the absolute
number of Foxp3+ Treg was strongly diminished, in line with the
reduced size of the PP in DdblGATA-1 mice (Figure S7B). As

described for the LP, there was a significant reduction in the fre-
quency of CD4+ CD103+ T cells including the subset of CD103+

Foxp3+ Treg cells (Figure 7B, middle panels). The effect of eosin-
ophil-deficiency is restricted to the GALT, as normal frequencies
of CD4+ T cell subsets were detected in MLN (Figure 7B, lower
panels). Furthermore, the MFI of CD103 expression on CD4+

T cells from LP and PP was lower in the DdblGATA-1 than in con-
trol animals (Figure S7C), and again no difference in CD103
expression was seen when CD4+ T cells were isolated from MLN
(Figure S7C). Staining with CD103- and CD11c-specific anti-
bodies showed a specific reduction in the frequency and absolute
number ofCD103+DCs in the LPofDdblGATA-1mice (Figure 7C).
This subset ofmucosal DCwas shown to express retinal dehydro-
genase 2 (Aldh1a2) required for the production of retinoic acid, a
crucial mediator of T cell-independent IgA class switch (Uematsu
et al., 2008). In line with diminished numbers of CD103+ DC, we
find reduced amounts of Aldh1a2 mRNA in the LP of eosinophil-
deficient mice (Figure 7C). This shows that eosinophils are
required for the generation of normal numbers of CD103+ T cells
and CD103+ DCs. In line with a local deficiency of TGF-b1, normal
numbers were found in MLN of DdblGATA-1 mice.

DISCUSSION

Eosinophils are a major cellular component of the gastrointes-
tinal tract and are present in the tissue before birth. In contrast
to lymphocytes, colonization by eosinophils is independent of
the microbiota, and in line with this we found normal numbers
of eosinophils in the gut of animals that lack signaling through
MyD88 and TRIF (data not shown). Eosinophils are regarded
as proinflammatory, and their activation status correlates with
disease severity in food allergy and other eosinophilic gastroin-
testinal disorders (Hogan et al., 2001). Nevertheless, recent
work suggests that eosinophils also contribute to the mainte-
nance of tissue integrity (Lee et al., 2010).

Figure 6. In PP of DdblGATA-1 Mice Tfh Cell-Derived Cytokines Favor Class Switch to IgG1
(A) Plots show frequency and number of PD-1hi CXCR5hi Tfh cells among CD4+ T cells in the PP of DdblGATA-1 and WT mice.

(B–D) Quantitative RT-PCR analysis of CXCR5, BCL-6, and IL-21 (B), TGF-b1, IL-4, IL-5, IFN-g, and IL-17A (C), and Sox4, Gata-3, and T-bet (D) in PD-1hiCXCR5hi

Tfh cells and PD-1!CXCR5! T cells. Data are means ± SD (**p < 0.01, ***p < 0.001).
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efficient class switching from IgM to IgA and thus for the gener-
ation of IgA-secreting plasma cells in the germinal centers of PP.

TGF-b1-deficientmice have also been described to have PP of
reduced size and show a shift from IgA toward IgG1 expression
(van Ginkel et al., 1999). Whereas in TGF-b1-deficient mice both
mucosal and systemic lymphoid tissues were affected, in eosin-
ophil-deficient mice IgA class switching was only impaired in PP
and ILF, but normal numbers of IgA+ B cells were found in MLN
(Figure S5C). This indicates lack of TGF-b1 specifically in the
GALT of eosinophil-deficient mice.

In DdblGATA-1 Mice, Tfh Cell Cytokine Production
Promotes Class Switch to IgG1
Because B cell differentiation in germinal centers is mainly
controlled by Tfh cells, we asked whether the development

and cytokine expression of the Tfh cells was affected by eosin-
ophil deficiency. By using antibodies specific for PD-1 and
CXCR5, we found comparable frequencies of Tfh cells in PP of
DdblGATA-1 and WT mice (Figure 6A). To further characterize
Tfh cells, bulk CD4+ T cells and CD4+PD-1+CXCR5+ Tfh cells
were isolated from PP of BALB/c and DdblGATA-1 mice (Fig-
ure S6A) and RNA analyzed by quantitative RT-PCR. Although
CXCR5, BCL-6, and IL-21 mRNA was in the normal range (Fig-
ure 6B), expression of the Th2-type cytokines IL-4 and IL-5
was enhanced in Tfh cells of DdblGATA-1 mice (Figure 6C).
GATA-3, the key factor controlling Th2 cell differentiation, is

negatively regulated by the transcription factor Sox4 (Kuwahara
et al., 2012). In BALB/c mice Sox4 expression in Tfh cells
was increased 3-fold compared to that in bulk T cells (Fig-
ure 6D). Sox4 upregulation was not observed in Tfh cells from

Figure 5. GC B Cells in PP of DdblGATA-1 Mice Preferentially Switch to IgG1
(A–C) Flow cytometric analysis of Ig isotype expression in GC B cells and B220lo CD138+ plasmablasts (PB) in PP of BALB/c and DdblGATA-1 mice. Plots show

frequency and absolute numbers of B220+ IgA+ GC B cells (A and C). Gating on CD138hi B220lo cells was used to determine frequency and absolute numbers of

IgA+, IgM+, and IgA!IgM! plasmablasts (B).

(D) BALB/c mice were injected with Siglec-F-specific antibodies or isotype matched rat IgG2a for 2 weeks. Staining with isotype-specific antibodies was used to

determine frequencies and numbers of the different B cell subsets in PP.

Data are means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).
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The gastrointestinal tract harbors commensal microorganisms
and potential pathogens and both should be prevented from
entering body tissues. Luminal IgA is central for immune exclu-
sion (Stokes et al., 1975), but it is also involved in the sampling
and transepithelial transport of mucosal antigens through M
cells, which overlie PP (Mantis et al., 2011; Weltzin et al.,
1989). Thus, IgA-secreting plasma cells are of crucial importance
for homeostasis in gut-associated tissues. Here we show that
the maintenance and generation of IgA+ plasma cells are depen-
dent on eosinophils. We find amarked reduction in the amount of
IgA in mucosal tissues and gut lumen and in the circulation of
eosinophil-deficient mice. Epithelial cells and DCs also produce
large amounts of plasma cell survival factors; however, their
expression of cytokines such as APRIL and IL-6 is not sufficient.

Mutual interactions between plasma cells and eosinophils might
be crucial for plasma cell survival in the LP (Chu and Berek,
2013). Furthermore, plasma cells might contribute to eosinophil
survival and cytokine production by secretion of IgA (Bartemes
et al., 2005).
Various mechanisms contribute to the generation of IgA+

plasma cells (Cerutti, 2008; Fagarasan et al., 2010; Macpherson
et al., 2000; Tezuka and Ohteki, 2010). T cell-dependent IgA
class switching mainly takes place in the germinal centers
of PP (Casola and Rajewsky, 2006; Craig and Cebra, 1971),
whereas IgA plasma cell generation in the LP and ILF does not
rely on T cells (Fagarasan et al., 2001). In PP germinal centers,
Tfh cells express normal amounts of IL-21 but have reduced
expression of the Th2 type cytokines IL-4 and IL-5 and thus

Figure 7. CD103+ DC and CD103+ T Cells Including Foxp3+ Treg Cells Are Reduced in Eosinophil-Deficient Mice
(A) Total number and frequency of CD4+ CD3+ T cells in the LP of DdblGATA-1, PHIL, and control animals.

(B) The frequency of CD103+ Foxp3+ Treg, non-Treg, and CD103! Treg cells per total CD4+ T cells was determined for LP, PP, and MLN of DdblGATA-1 and

WT mice.

(C) Total number and frequency of LP CD11c+ CD103+ DC was determined (histograms) and Aldh1a2 mRNA (right panel) was compared in the LP cell

suspensions of DdblGATA-1 and WT mice.

Data are means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).
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!
Figure,S1,,related,to,Figure,1.,Changes,in,the,enteric,microbiota,in,eosinophil=deficient,

mice., (A)!Frequencies!and!absolute!numbers!of!GrN1lo!CD11b+!SiglecNF+!eosinophils! in!MLN,!

PP!and!LP!of!BALB/c!mice,!(B)!number!of!IgA!plasma!cells!in!the!LP!of!BALB/c!and!ΔdblGATAN

1!mice!determined!by!ELISPOT.!(CNF)!Total!numbers!of!propidium!iodide!(PI+)!fecal!bacteria!

were! counted! by! flow! cytometry,! staining! with! Alexa! 488! conjugated! WGA! was! used! to!

determine! the! ratio! of! WGA+NGram+N! to! WGA—GramN! fecal! bacteria.! Feces! from! coNhoused!

BALB/c! and! ΔdblGATAN1! were! compared.! (E)! Quantitative! RTNPCR! to! detect! different!

bacterial! groups.! Data! displayed! as! relative! unit! (RU)! of! the! abundance! for! each! of! the!

bacterial! groups.! (F)! For! PHIL! mice,! numbers! of! PI+! fecal! bacterial! (left)! and! the! ratio! of!

Gram+!to!GramN!bacteria!(right)!determined!as!described!above.! !Data!are!means!±!SD!(*p!<!

0.05,!**p!<!0.01,!***p!<!0.001).!
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scarcely present at these follicular sites.
One possibility is that eosinophils regulate
IgA production indirectly by programing
PP precursor cells in the LP. Alternatively,
eosinophils impact the gut microbiota
independently of PPs, and in the absence
of eosinophils, increased bacterial load
and changed bacterial content alters PP
maturation and function.

A striking finding of the work by Chu
and colleagues is that in addition to IgA+

lymphocytes, numbers of mucosal-asso-
ciated T cells were vastly reduced in LP
of eosinophil-deficient mouse strains. In
normal situations, a significant fraction of
CD4+ T cells in LP are regulatory cells ex-
pressing the transcription factor Foxp3.
Some of the Foxp3+ cells are induced
in situ in response to signals derived
from bacteria and dietary components
(i.e., Toll-like receptors [TLRs], short-
chain fatty acids, or retinoic acid). The
absence of gut eosinophils correlated
with a significant and specific reduction
of Foxp3+ CD103+ T cells in the LP and
PPs that might be caused by changes
in the cytokine milieu in the absence of
eosinophils.

Foxp3+ T cells not only control the
activity of other T cell subsets, but also
regulate B cell responses in the PP GCs
through their capacity to differentiate
into T follicular regulatory (Tfr) cells and
sometimes Tfh cells. Tfr cells control GC
responses by limiting the number and
the quality of Tfh and thus the selection
of B cells (Kato et al., 2014). Whether the
skewed Tfh phenotype observed in eosin-
ophil-deficient mice is also caused by a
decrease in Tfr cell number and quality
in the GC of PPs remains to be deter-
mined. Such changes in GC T cells might
alter the selection of IgAs in PPs, gener-
ating IgA plasmablasts that would likely
fail to differentiate into plasma cells in
the LP.
The findings by Chu and colleagues

further shift the dogmatic view of eosino-
phils as cells associated with defense
against helminth infection or immunopa-
thology to cells essential for homeostasis
(Figure 1). There are several remaining
questions. For example, which exogenous
signals regulate eosinophil accumulation
at the mucosal barrier in homeostasis?
Precisely how do eosinophils support

mucosal T cell presence and function?
Why do only some intestinal villi harbor
eosinophils and IgA?
Eosinophils likely sustain IgA responses

by producing TGF-b1 and promoting its
processing to the active form via TLR-
dependent MMP production. Could
eosinophil-derived MMP via TGF-b1 acti-
vation or production of other cytokines
(e.g., TGF-a) also be important for regula-
tion of stromal extracellular matrix in the
gut? From these studies arises the possi-
bility that the GALT in eosinophil-deficient
mice subsides due to deterioration of the
extracellular matrix. The ability of eosino-
phils to maintain and regulate stromal
cells (SCs) might provide further mecha-
nistic insight as to how intestinal homeo-
stasis is compromised in eosinophil-defi-
cient mice. Indeed, a role for eosinophils
in tissue regeneration was recently high-
lighted (Heredia et al., 2013) suggest-
ing that tissue regeneration might be an
adaptation to ubiquitous multicellular par-
asites (that inflict damage to tissue).
Chu and colleagues observe that in the

absence of eosinophils the mucus layer is
impaired despite a normal number of
mucus-producing goblet cells. Whether
this is because of a mucus regulatory
defect in eosinophil-deficient mice or
because of dysbiosis in these mice re-
mains to be determined. The dysbiosis
observed in eosinophil-deficient mice is
characterized by a considerable reduc-
tion of Gram-positive bacteria, possibly
Firmicutes. This phylum contains the
most diverse bacterial species in the gut,
raising the possibility that in the absence
of eosinophils and the ensuing IgA and
T cell deficiency, the host cannot sustain
diversified bacterial communities in the
gut. Further studies will be required to
determine how eosinophils and specific
arms of the acquired immune system
modulated by eosinophils contribute to
establishment of symbiotic relationships
with gut bacteria.
It is a curious point as for what purpose

eosinophils help preferentially restrict
Gram-negative bacterial growth in favor
of Gram-positive bacteria. Helminths are
reported to regulate bacterial content,
and this might impact helminth fitness—
it is not known whether eosinophils are
involved in this adaptive process. One
emerging hypothesis is that eosinophils
can promote mutualism with helminths.
Hence, by regulating bacterial content,

Figure 1. A Model to Integrate Eosinophil Function with Intestinal IgA Production
(A) Gut eosinophils produce metalloproteases (i.e., MMP9), which, by activating TGF-b1 presented by
local SCs or dendritic cells (DCs), might support induction and maintenance of Foxp3+ T cells in GALT
LP or PPs.
(B) In the PPs, activated Foxp3+ T cells differentiate into Tfr cells and seed the germinal centers, in which,
by regulating the quality of Tfh cells (i.e., IL-21 versus IL-4 production), contribute to IgA class-switch
recombination and selection of IgA-expressing B cells upon somatic hypermutation introduced by AID.
(C) By secreting IL-6 and APRIL, LP eosinophils promote IgA plasma cell survival and perhaps maturation
of plasmablasts into plasma cells.
(D) SIgAs generated in the presence of eosinophils promote colonization and diversification of Gram-pos-
itive bacteria by restricting Gram-negative bacterial overgrowth.
(E) Gut eosinophils also stimulate mucus production—an important physical and chemical barrier modu-
lating the complex crosstalk between the external environment and the host immune system.
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