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Neutrophils are an important innate immune cell type in 
first-line defense against pathogens such as bacteria and vi-
ruses (Rogers and Unanue, 1993; Appelberg, 2007). Neutro-
phils rapidly respond to inflammatory stimuli with effector 
functions such as phagocytosis, bacterial killing, and neu-
trophil extracellular trap formation (Brinkmann et al., 2004; 
Soehnlein and Lindbom, 2010). Neutrophil innate effector 
functions additionally include production of inflammatory 
cytokines such as TNF (Cassatella, 1995), degranulation (Bor-
regaard et al., 2007), the production of reactive oxygen species 
(Leto and Geiszt, 2006), and the secretion of antimicrobial 
peptides (Mócsai, 2013).

During an inflammatory response, neutrophils perform 
innate effector functions before undergoing apoptosis, result-
ing in neutrophil consumption. If the demand for neutrophils is 
not met, steady-state granulopoiesis is switched to emergency 
granulopoiesis (EG) or reactive granulopoiesis. The latter is 
defined by an increase of serum granulocyte CSF (G-CSF), 
de novo generation of mature neutrophils in the BM, and an 
increased abundance of circulating myeloid progenitors. The 
overall objective of such EG is thus to maintain sufficient 
peripheral neutrophil numbers (Manz and Boettcher, 2014).

In addition to live infections, EG can be induced using 
heat-killed microorganisms, either alone or in adjuvant for-
mulations (Kwak et al., 2015) and even during sterile inflam-
mation (Manz and Boettcher, 2014). The use of adjuvants, 
such as CFA, is well established in the induction of adap-
tive T and B cell responses in immune-competent mice and 
has proven useful in circumventing peripheral tolerance to 
induce preclinical autoimmunity (Abdul-Majid et al., 2000, 
2002, 2003; Svensson et al., 2002; Djerbi et al., 2003).

Although innate immune responses involving neutro-
phils have been extensively studied (Silva, 2010; Soehnlein and 
Lindbom, 2010; Mócsai, 2013), the emerging role of neutro-
phils in regulating adaptive immunity and in particular during 
EG remains to be fully elucidated. It has been reported that 
neutrophils migrate to draining LNs (dLNs) and that neu-
trophils regulate T cell activation (Chtanova et al., 2008; Pel-
letier et al., 2010; Yang et al., 2010; Brackett et al., 2013; Yang 
and Unanue, 2013). Although the involvement of neutrophils 
in mediating B cell responses has traditionally been limited 
to removal of antibody-opsonized pathogens (Tsuboi et al., 
2008), more recent studies have addressed neutrophil support 
of B cells in the spleen (Cerutti et al., 2012, 2013; Puga et al., 
2012). However, whether there is a consequence of elevated 
neutrophil abundance during EG and whether this type of 
regulation occurs in dLNs has not been investigated to date.

Prolonged infections or adjuvant usage can trigger emergency granulopoiesis (EG), leading to dysregulation in neutrophil blood 
counts. However, the impact of EG on T and B cell function remains largely unknown. In this study, to address this question, 
we used a mouse model of neutropenia and studied immune activation after adjuvant administration. The initial neutropenic 
state fostered an environment of increased dendritic cell activation and T cell–derived IL-17 production. Interestingly, neutro-
penic lysozyme 2–diphtheria toxin A mice exhibited striking EG and amplified neutrophil recruitment to the lymph nodes (LNs) 
that was dependent on IL-17–induced prostaglandin activity. The recruited neutrophils secreted a B cell–activating factor that 
highly accelerated plasma cell generation and antigen-specific antibody production. Reduction of neutrophil functions via 
granulocyte colony-stimulating factor neutralization significantly diminished plasma cell formation, directly linking EG with 
the humoral immune response. We conclude that neutrophils are capable of directly regulating T cell–dependent B cell re-
sponses in the LN.
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Using several neutropenic mouse strains and adju-
vant-induced EG, we analyzed the mechanisms underlying 
neutrophil-mediated regulation of B cell activation, subse-
quent plasma cell formation, neutrophil kinetics, and regu-
lation of adaptive immunity. We found that neutropenia at 
the time of CFA immunization enhanced DC migration and 
IL-23 production and potentiated the subsequent state of 
EG. This state dramatically amplifies IL-17–induced prosta-
glandin-dependent infiltration of neutrophils into the dLN. 
Neutrophilia in the dLN was associated with enhanced B cell 
activity, with the neutrophils localizing close to B cells and 
plasma cells in the LN and secreting B cell–activating fac-
tor (BAFF), fueling increased antibody production. Collec-
tively, these results reveal a hitherto unreported mechanism 
of neutrophil regulation of B cell activation, plasma cell gen-
eration, and antibody production via secreted factors that are 
up-regulated during EG.

RES​ULTS
Mice depleted of lysozyme 2–
expressing cells are neutropenic
To address the role of neutrophils in the regulation of inflam-
matory responses, we generated neutropenic mice by crossing 
lysozyme 2 (LysM)–CRE and ROSA26–diphtheria toxin A 
(DTA; LysM-DTA mice; Wu et al., 2006). The majority of 
neutrophils expressed LysM (not depicted), and analyses of 
the spleen, BM, and blood of LysM-DTA mice demonstrated 
an 85% reduction in neutrophils compared with WT litter-
mate controls (Fig. 1 A). Because LysM is also expressed in 
monocytes and macrophages, we assessed whether these sub-
sets were affected in LysM-DTA mice. Analysis of the spleen 
revealed that monocytes and red pulp macrophages were not 
altered compared with controls (Fig.  1  B). Immunohisto-
chemical analyses of the spleen in the steady state confirmed 
a lack of neutrophils (CD11b+Ly6G+) in LysM-DTA mice, 
whereas numbers of marginal zone macrophages (MAR​
CO+) and metallophillic macrophages (MOMA-1+) were 
not affected (Fig.  1  C). Additionally, there were no differ-
ences in the abundance of splenic DCs, monocyte subsets, 
or eosinophils (Fig. 2 A). The numbers of resident peritoneal 
macrophages, brain microglia, and liver, duodenal, and skin 
macrophages were all unaltered in LysM-DTA mice (Fig. 2, 
B and C). We did not detect any general increase in apopto-
sis or necrosis in LysM-DTA mice based on annexin V and 
dead cell dye staining (not depicted). In summary, LysM-DTA 
mice represent a largely neutropenic mouse model with an 
85% reduction in mature neutrophils without detectable 
changes in other phagocyte populations.

Adjuvant stimulation in LysM-DTA mice induces EG
We immunized LysM-DTA mice s.c. with CFA to deter-
mine the immunological consequences of the neutropenic 
state of these mice on this model of induced EG. Dissection 
of BM, spleen, and draining inguinal LNs (iLNs) at day 7 
postimmunization (p.i.) indicated a state of EG with a loss 

of pigmentation in the femur, splenomegaly, and lymphade-
nopathy in LysM-DTA compared with WT mice (Fig. 3 A). 
Furthermore, serum G-CSF levels, which are also linked to 
EG, were elevated by twofold at 24 h and by 10–20-fold at 
days 3–14 p.i. in LysM-DTA mice (Fig. 3 B). Another char-
acteristic of this activation state is the increased numbers of 
common myeloid progenitors (CMPs) and granulocyte–mac-
rophage progenitors (GMPs) in the BM and spleen. Analyses 
of LysM-DTA spleens revealed a twofold increase in CMPs 
and an approximately four- to eightfold increase in GMPs in 
comparison with WT spleens (Fig. 3 C). We also detected a 
significant increase of GMPs in the BM of LysM-DTA mice 
compared with WT mice, although we did not detect any 
progenitors in the iLN. No differences in CMP/GMP popu-
lations were observed in either unchallenged LysM-DTA or 
WT mice (not depicted). CFA immunization thus induced a 
state of EG in LysM-DTA mice.

Neutrophils are recruited to dLNs after adjuvant stimulation
The s.c. application of adjuvants has been previously described 
to rapidly induce reactive neutrophilia (Manz and Boettcher, 
2014). To investigate neutrophil migration after immuniza-
tion-induced EG, we challenged LysM-DTA and WT mice 
with CFA and longitudinally analyzed the number of neutro-
phils in the blood, BM, and draining iLNs from 2 h up to 14 
d p.i. Although WT mice exhibited a steady recruitment of 
neutrophils into the blood that peaked at 7 d p.i., LysM-DTA 
mice were neutropenic in the blood and BM throughout 
the 14 d of analysis (Fig. 4 A). Two waves of neutrophil in-
filtration after immunization have previously been reported 
(Yang et al., 2010; Yang and Unanue, 2013). Within iLNs from 
WT mice, neutrophil numbers were increased at 2 h p.i. and 
further increased steadily between 7 and 14 d p.i. (Fig. 4 B). 
As expected, neutropenic LysM-DTA mice lacked the early 
increase but surprisingly displayed a 20-fold higher neutro-
phil influx into the draining iLN during the later time point 
compared with WT littermate controls (Fig.  4 B). Because 
neutrophil numbers were still decreased in the blood and BM 
in LysM-DTA mice at this time point, we hypothesized that 
there was a selective recruitment of neutrophils to the iLN 
caused by a higher expression of neutrophil-attracting factors. 
In concordance with this, we observed increased expression 
of KC (CXCL1), MIP-2 (CXCL2), and cyclooxygenase 2 
(Cox2) in whole iLNs in LysM-DTA mice (Fig. 4 C). The 
early absence and then later abundance of neutrophils were 
confirmed by immunohistochemistry at 2  h and 14 d p.i., 
respectively (Fig.  4 D). Early neutrophils were observed in 
the cortex of WT iLNs but were absent in LysM-DTA mice 
(Fig. 4 D). Neutrophils infiltrating the iLN during the later 
time point localized to the cortex/paracortex border, and 
their numbers were increased in LysM-DTA mice (Fig. 4 D). 
Analysis of receptor expression on infiltrating neutrophils 
from LysM-DTA and WT mice revealed increased levels of 
CD16/32, MHC II, and CD54 on LysM-DTA neutrophils, 
indicating an enhanced activation state (Fig. 4 E). In summary, 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/213/8/1537/1755772/jem
_20150577.pdf by guest on 09 February 2026



1539JEM Vol. 213, No. 8

Figure 1.  LysM-DTA mice display a marked reduction of neutrophils in the steady state without changes in other myeloid cell populations. (A 
and B) Flow cytometry analysis of the percentage and absolute numbers of spleen, BM, and blood neutrophils (CD11b+Ly6G+; A), as well as splenic red pulp 
macrophages (RPM; F4/80hi; Mφ) and monocytes (SSClowCD11b+F4/80+; B) in naive WT and LysM-DTA mice. (C) Immunohistochemistry of spleens from naive 
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LysM-DTA mice are characterized by systemic neutropenia 
in the steady state, but after CFA-induced EG, neutrophils are 
recruited to draining iLNs.

Increased T cell activation and plasma cell formation after 
adjuvant stimulation in neutropenic mice
We next investigated whether the selective influx of neutro-
phils into iLNs impacted T and B cells. We observed an acti-
vation of CD4+ T cells in LysM-DTA mice (Fig. 5 A), with 
significantly increased numbers of IL-17–producing T cells 
already evident at day 7, coinciding with neutrophil influx 
(Fig. 5 B). At day 14, there were increased numbers of both 
IFN-γ– and IL-17–producing T cells (Fig. 5 B). Moreover, 
we observed a fourfold increase in B220+ B cells and a 25-
fold increase in numbers of B220−CD138+ plasma cells in Ly-
sM-DTA iLNs at day 14 compared with WT mice (Fig. 5 C). 
In unchallenged mice, we did not detect any differences in 
T, myeloid, or B cell subsets in iLN, spleen, or BM (not de-
picted), indicating that our findings after adjuvant stimulation 
were not a steady-state phenotype of LysM-DTA mice.

To investigate whether induced depletion of neutrophils 
could reproduce the phenotype of increased IL-17+ T cell 
and CD138+ plasma cell numbers, we injected CFA-immu-
nized WT mice with an anti-Ly6G–depleting antibody (1A8) 
every 2–3 d and analyzed the draining iLN at day 14 p.i. This 
treatment induced a 40–50% reduction of circulating neutro-
phils compared with the isotype control antibody-injected 
animals, and this protocol has been previously used to induce 
a state of EG (Cain et al., 2011; not depicted). In agreement 
with our findings using LysM-DTA mice, transient anti-
body-mediated depletion of neutrophils induced significantly 
higher subsequent numbers of B220+ B cells, CD138+ plasma 
cells, and IL-17+ T cells and neutrophilia in the draining iLN, 
thus replicating the phenotype observed in CFA-immunized 
LysM-DTA mice (Fig. 5 D).

Collectively, these results indicate that after adjuvant 
stimulation, the cooperative activity of IL-17–producing 
CD4+ T cells and infiltrating neutrophils result in an expan-
sion of plasma cells in the iLN of LysM-DTA mice.

Neutrophil-induced plasma cells are IgG 
positive and antigen specific
To investigate whether the induced CD138+ cells in the 
iLN of LysM-DTA mice were indeed bona fide plasma cells 
and to determine the degree of isotype switching, we per-
formed intracellular staining for IgG and IgM after 14 d p.i. 
with CFA. The majority of the plasma cells were IgG+, and 
there were no differences in antibody isotype composition 
between WT and LysM-DTA plasma cells (Fig. 6 A). How-
ever, LysM-DTA iLNs had significantly larger germinal cen-

ters as defined by peanut agglutinin (PNA) staining and an 
increased number of IgG+ cells in the germinal centers of 
LysM-DTA mice (Fig. 6 B).

To determine whether the plasma cell response could be 
directed toward a specific antigen, we immunized mice with 
KLH in CFA and analyzed serum IgG antibody specificity. We 
recorded significantly elevated IgG1 and IgG2b anti-KLH re-
sponses in the serum of LysM-DTA mice compared with WT 
littermate controls (Fig. 6 C). In contrast, there were no differ-
ences in overall Ig titers in sera of unchallenged LysM-DTA 
and WT mice (not depicted). Furthermore, this was unlikely 
to be an effect of skewing of the T follicular helper cell com-
partment because we could not detect any difference in T fol-
licular helper cells in LysM-DTA iLNs compared with WT at 
7 d p.i. (not depicted). To confirm that this was an antigen-spe-
cific response, we also immunized WT and LysM-DTA mice 
with OVA in CFA and analyzed serum IgG antibodies toward 
OVA and a panel of other molecules (Fig. 6 D). We detected 
high IgG titers specific for OVA but also recorded low IgG an-
tibody titers toward LPS, phosphorylcholine, double-stranded 
DNA, peptidoglycan, and Mycobacterium tuberculosis. These 
data indicate that the majority of the expanded B cell clones 
are specific for the immunized antigen (KLH and OVA) but 
that other clones also expand to a small extent, a phenomenon 
that has been previously reported in other inflammatory mod-
els (Enoksson et al., 2011). Collectively, we demonstrated that 
plasma cells in the draining iLN of LysM-DTA mice were IgG 
producers responsible for elevated antigen-specific responses.

Early neutropenia enhances DC 
migration and IL-23 production
To determine the underlying mechanism responsible for the 
enhanced T cell activation observed in LysM-DTA iLNs, 
we analyzed DC migration and activation. It is established 
that apoptotic neutrophils have an important function in the 
regulation of tissue macrophage and DC activation through 
down-regulating IL-23 production (Stark et al., 2005). Anal-
ysis of FITC-painted mice revealed increased DC migration 
to the iLN in LysM-DTA mice compared with WT mice 
(Fig. 7 A). Furthermore, LysM-DTA CD11c+ DCs in the iLN 
had increased production of IL-23/IL-12 (p40) in contrast to 
WT DCs (Fig. 7 B). We set up a DC/T cell in vitro model 
to test whether apoptotic neutrophils could down-regulate 
IL-23 production by DCs. As previously reported (Stark et al., 
2005), apoptotic neutrophils did indeed down-regulate IL-23 
production by DCs, and there was an evident trend of sup-
pressed subsequent IL-17 production by T cells (Fig. 7 C). In 
summary, LysM-DTA mice exhibited increased DC migra-
tion and enhanced DC IL-23 production that in turn could 
induce IL-17 production by T cells.

WT and LysM-DTA mice to visualize neutrophils (CD11b+Ly6G+; top), red pulp macrophages (F4/80+; middle), and MAR​CO+ and MOMA-1+ macrophages 
(bottom). Representative data are from a minimum of three independent experiments. n = 4–6/group. Results are mean ± SEM. Immunohistochemistry was 
performed on four separate mice. Bar,100 µm. *, P < 0.05; **, P < 0.01 (unpaired Student’s t test).
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Figure 2.  Specific neutrophil reduction in LysM-DTA mice. (A) No differences were observed in the numbers of splenic CD11chi DCs (CD11b+ and 
CD11b−), monocyte (Mc) subsets (inflammatory Ly6C+ and resident Ly6C−), or eosinophils (SSChi). (B) The numbers of tissue macrophages such as brain 
microglia (CD11b+F4/80+) or peritoneal macrophages (CD11b+F4/80hi) were not altered in LysM-DTA mice. (C) No differences were seen in the numbers 
of liver (CD68+; bar, 50 μm), duodenum (F4/80+CD103−; bar, 50 μm), or skin (CD68+CD11b+ and F4/80+; bar, 100 μm) macrophages in LysM-DTA mice in 
comparison to WT mice. Data in A and B are representative of three independent experiments. n = 4–5/group. Results are mean ± SEM. The images in C are 
representative of three separate mice.
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Plasma cell–inducing neutrophils are recruited by 
prostaglandins in an IL-17–dependent manner
Gene expression analysis of the iLN indicated that CXCL1, 
CXCL2, and/or prostaglandins (Cox2) could be responsible 
for the specific recruitment of neutrophils in LysM-DTA 
mice. To determine whether these factors were import-
ant for the selective recruitment of neutrophils, we either 
treated mice with neutralizing antibodies against CXCL1 
and CXCL2 or used the Cox1/Cox2 inhibitor indometha-

cin (INDO). Interestingly, anti-CXCL1/2 treatment did not 
block neutrophil recruitment to the LN or plasma cell for-
mation in LysM-DTA mice compared with isotype-treated 
LysM-DTA mice, indicating that CXCL1 and CXCL2 are 
dispensable in our model (Fig. 7 D). However, neutrophil re-
cruitment and plasma cell formation were completely abol-
ished in INDO-treated LysM-DTA mice, indicating that 
prostaglandins had a crucial role for the observed selective 
neutrophil recruitment. Analysis of the serum in LysM-DTA 

Figure 3.  EG is induced in LysM-DTA mice after CFA immunization. (A) BM, spleen, and iLNs 7 d after CFA immunization. (B) Cytometric bead array 
flow cytometry analysis of serum G-CSF levels in WT and LysM-DTA mice at the indicated time points after CFA immunization. (C) Analysis of CMPs and 
GMPs in the spleen and BM. Lineage negative (Lin−) is defined by CD11b−CD11c−CD3−NK1.1−B220−F4/80−. The images in A are representative of three 
independent experiments. n = 4–5/group. Data in B and C are representative of two independent experiments. n = 5/group. Results are mean ± SEM. *, P < 
0.05; **, P < 0.01; ***, P < 0.001 (unpaired Student’s t test).
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mice revealed a decrease in circulating IgG after INDO treat-
ment. T cell IL-17 production was similar in INDO-treated 
mice to controls, indicating there was ongoing immune acti-
vation in the neutropenic mice.

It has been reported that IL-17 can directly up-regulate 
Cox2 in stromal cells (Stamp et al., 2004; Lemos et al., 2009). 

We investigated whether neutropenia-induced IL-17 secre-
tion by T cells could induce Cox2 expression in iLNs. Neu-
tralization of IL-17 in LysM-DTA mice significantly reduced 
Cox2 expression in the iLN to the levels recorded in WT iLNs 
(Fig. 7 E). Furthermore, neutrophilia observed in LysM-DTA 
mice at this time point was abrogated by anti–IL-17 treatment.

Figure 4.  Enhanced neutrophil recruitment to the draining iLN of LysM-DTA mice after CFA immunization. (A and B) Flow cytometry analysis of 
percentages and total numbers of neutrophils (CD11b+Ly6G+) in the blood or BM (A) and in the iLN (B) after s.c. immunization with CFA. (C) Quantitative 
RT-PCR analysis of CXCL1, CXCL2, COX1, and COX2 expression (expr.) in lymphocytes at day 7 p.i. Expression is normalized to HPRT. (D) Immunohistochem-
istry visualizing neutrophils (Ly6G+, red) in the cortex (C) or paracortex (PC) of iLNs at 2 h or 14 d p.i. B cells: B220, green; T cells: CD3, blue. (E) Analysis of 
receptor expression on neutrophils in iLNs at day 7 after CFA. Cells were gated on CD11b+Ly-6G+ cells. MFI, mean fluorescence intensity. Data in A, B, C, and 
E are representative of three independent experiments. n = 4–5/group. Results are mean ± SEM. The images in D are representative of four separate mice. 
Bar, 100 µm. *, P < 0.05; **, P < 0.01 (unpaired Student’s t test).
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Figure 5.  Profound number of plasma cells and increased IL-17–producing T cells in LysM-DTA mice. (A) The frequency of proliferating (prolif.) T 
cells (CD3+Ki67+), regulatory T cells (CD3+CD4+FoxP3+; Tregs), and activated CD4 T cells (CD62L−CD44hi) in the iLN from LysM-DTA and WT mice. (B) IL-17– 
and IFN-γ–producing CD4+ T cells in WT and LysM-DTA iLNs at 7 and 14 d after CFA immunization. (C) Analysis of B cells (B220+CD138−) and plasma cells 
(B220−CD138+) in the iLN at 7 and 14 d. (D) Analysis of B cells (B220+), plasma cells (B220−CD138+), neutrophils (SSC+CD11b+Ly6Cint), and IFN-γ/IL-17–pro-
ducing T helper cells (CD3+CD4+) in the iLN in WT mice treated with neutrophil-depleting anti-Ly6G (1A8) or isotype control (2A3) antibodies (Ab). Mice were 
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Collectively, these data demonstrate that in LysM-DTA 
mice, IL-17 induces Cox2 expression in the iLN and that 
subsequent prostaglandin production is crucial for neutrophil 
influx and plasma cell formation.

Neutrophils in LNs produce BAFF and are 
proximal to plasma cells
Because LysM-DTA mice had increased numbers of neu-
trophils and plasma cells in the iLN, our next goal was to 
determine whether neutrophils in LysM-DTA mice di-
rectly regulated B cell activation and plasma cell forma-
tion. Immunohistochemical investigations demonstrated 
that the neutrophils resided close to the plasma cells in the 
iLN at day 14 (Fig. 8 A).

To assess neutrophil BAFF production, we sorted neu-
trophils from day 14 iLN and analyzed both BAFF gene 
expression and protein secretion compared with the neu-
trophil-depleted fraction in both WT and LysM-DTA mice. 
We observed increased BAFF gene expression and protein 
production in sorted LysM-DTA neutrophils compared with 
sorted WT iLN neutrophils (Fig. 8 B). Furthermore, the mean 
expression and secretion of BAFF was low in the neutro-
phil-depleted iLN cell fraction (Fig. 8 B, LysM-DTA iLN and 
WT iLN). This provides indirect evidence that the observed 
high numbers of neutrophils in our in vivo model are a sig-
nificant source of BAFF. In addition to being secreted, BAFF 
can also be presented in a membrane-bound form measurable 
using flow cytometry. Similar to the increase in BAFF secre-
tion, we could detect an increase in membrane-bound BAFF 
expression on LysM-DTA neutrophils at day 14 (Fig. 8 C).

To determine whether BAFF released from neutrophils 
could directly affect B cell activation and survival, we co-cul-
tured neutrophils with B cells and measured B cell viability 
after CD40 stimulation in vitro. B cells cultured with neu-
trophils exhibited an almost threefold increased viability in 
comparison with B cells alone (Fig. 8 D). This increase was 
diminished when anti-BAFF or BAFF receptor Fc chimera 
protein was added to the co-culture.

In summary, we demonstrated that neutrophils migrated 
to iLNs, where they localized close to plasma cells. Further-
more, neutrophils from LysM-DTA iLNs exhibited a higher 
secretion of BAFF that could directly increase B cell viability.

Neutralization of G-CSF reduces plasma cell 
formation and serum BAFF levels
G-CSF has been suggested to be an important growth fac-
tor for neutrophils to produce and store intracellular BAFF, 
which is released upon secondary stimulation (Scapini et al., 
2008). To determine whether secondary triggering could ac-
tivate BAFF release, we sorted WT BM neutrophils and stim-

ulated them for 6  h with G-CSF together with GM-CSF, 
IL-17, IFN-γ, LPS, IL-18, or CXCL2. The release of BAFF by 
neutrophils was enhanced by G-CSF when combined with 
GM-CSF, IFN-γ, or LPS (Fig.  8 E). Consequently, we ex-
pected that neutralizing G-CSF should limit the B cell helper 
functions of neutrophils. We therefore treated LysM-DTA 
mice with an anti–G-CSF antibody, which indeed limited 
plasma cell development and neutrophil influx in the drain-
ing iLN compared with isotype-treated LysM-DTA mice 
(Fig.  8 F). Furthermore, this result could be reproduced in 
G-CSF receptor–deficient mice (GCS​FR−/−; Fig. 8 F). Im-
portantly, IL-17 production by T cells was not altered in 
either anti–G-CSF–treated LysM-DTA mice or G-CSFR−/− 
mice (Fig. 8 F). Analysis of sera from anti–G-CSF–treated Ly-
sM-DTA mice revealed normalization of circulating BAFF 
to WT levels (Fig. 8 G).

In summary, we demonstrated that G-CSF stimulates 
neutrophils to produce increased levels of BAFF, which is 
released upon secondary stimulation by cytokines produced 
locally in the LN. Neutralization of G-CSF in vivo after im-
mune activation limited the circulating levels of BAFF as well 
as the excessive formation of plasma cells in LysM-DTA mice.

DIS​CUS​SION
Neutrophils are the predominant circulating blood leukocyte 
in humans and are primarily regarded as having immune ac-
tivities during innate immune responses. We generated a se-
verely neutropenic mouse and used it to study several aspects 
of adaptive immune functionality. LysM-DTA mice were 
neutropenic in the steady state. However, after proinflam-
matory immune activation, EG was induced, and a selective 
recruitment of the remaining neutrophil pool into draining 
iLNs was observed. This significantly amplified neutrophil in-
flux peaked at 7 d p.i. and exceeded the numbers character-
istic of the late neutrophil wave observed in WT mice. The 
neutrophil influx was associated with an increased number of 
IL-17–producing CD4+ T cells and a significant expansion of 
plasma cells with subsequent antibody production and was 
dependent on the actions of IL-23, IL-17, Cox2, and G-CSF. 
This highlights a previously unreported role of neutrophils in 
the regulation of B cell responses, linking innate immune cell 
activity to the development of an adaptive immune response.

LysM-Cre mice have been widely used to study mac-
rophage functionality (Clausen et al., 1999). Yet, LysM is also 
highly expressed in neutrophils. Previous studies used a diph-
theria toxin receptor system that results in significant loss of 
macrophage populations as well as neutrophils, and the de-
sirability of a neutrophil-specific depletion model has been 
highlighted (Mócsai, 2013). In contrast, we used a DTA sys-
tem, and our extensive characterization of LysM-DTA mice 

injected i.p. with 500 µg of antibody on days −1, 1, 2, 5, 8, 11, and 13 and sacrificed for analysis on day 14 p.i. Data in A–C are representative data from 
three independent experiments. n = 4–5/group. Data in D are representative of two independent experiments. n = 5/group. Results are mean ± SEM. *, P < 
0.05; **, P < 0.01; ***, P < 0.001 (unpaired Student’s t test).
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Figure 6.  Plasma cells in LysM-DTA iLNs are IgG+ and have higher titers of antigen-specific serum antibodies after immunization. (A) Intra-
cellular staining of iLN plasma cells (B220−CD138+) against IgG and IgM in WT and LysM-DTA iLNs at day14 p.i. (B) Immunofluorescent staining of iLNs to 
visualize B cell follicles (B220+) and germinal centers (PNA+IgG+). Bars, 100 µm. (C) LysM-DTA and WT mice were immunized with 100 µg KLH in CFA, and 
serum antibodies were analyzed at day 14. Total serum IgG was diluted 100,000-fold. (D) LysM-DTA and WT mice were immunized with 100 µg OVA in CFA, 
and serum antibodies were analyzed at day 14. Data in A are representative of three independent experiments. n = 4–5/group. The images in B are repre-
sentative of four separate mice. Data in C and D are representative of two independent experiments. n = 5/group. Results are mean ± SEM. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001; ****, P < 0.0001 (unpaired Student’s t test).
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Figure 7.  Neutropenia at the time of immunization enhances DC migration and IL-23 production. (A–E) Subsequent IL-17 production enhances 
LN Cox2 expression that is crucial for late iLN neutrophilia. (A) Analysis of the iLN 24 h after FITC painting. (B) Analysis of intracellular levels of p40 in 
CD11c+ MHC II+ DCs 24 h after CFA. (C) LPS-stimulated GM-CSF–derived BMDCs were co-cultured with sorted transgenic 2D2 CD4+ T cells and apoptotic 
neutrophils for 72 h. (D) LysM-DTA mice treated with 5 µg anti-CXCL1 and anti-CXCL2 i.p. every second day after CFA or treated with 40 µg INDO i.p. on 
days 4, 6, 8, 10, 12, and 14. iLNs were analyzed at day 14 after CFA. A.U., arbitrary units. (E) LysM-DTA mice treated with 100 µg anti–IL-17 antibody i.p. on 
days 2, 4, and 6. iLNs were analyzed at day 7 after CFA. Data are representative of two independent experiments. n = 5/group. Results are mean ± SEM. *, P 
< 0.05; **, P < 0.01 (unpaired Student’s t test).
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Figure 8.  Neutrophils are localized close to plasma cells and produce BAFF in a G-CSF–dependent manner. (A) Immunofluorescent staining of iLNs 
at day 14 after CFA to visualize plasma cells (CD138+; green) and neutrophils (Ly-6G+; red). Bars, 50 µm. (B) Sorted neutrophils (purity >90%) from day 14 
iLNs. WT iLNs and LysM-DTA iLNs are the neutrophil-depleted cell fraction. BAFF expression was normalized to HPRT. Measurement of BAFF in supernatants 
from sorted LysM-DTA and WT iLN neutrophils 14 d p.i. Neutrophils were cultured at a density of 105 cells/well for 24 h. (C) Neutrophils (CD11b+Ly-6G+) 
were analyzed for membrane-bound BAFF in the iLN at day 14. Isotype mean fluorescence intensity (MFI) was subtracted from BAFF mean fluorescence 
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revealed a selective depletion of up to 85% of neutrophils 
with no significant changes in other myeloid cell populations. 
We thus concluded that this mouse model could be useful to 
assess the role of neutrophils in the development of immune 
responses and addressed this using CFA alone or CFA-anti-
gen immunizations. The most striking finding in these exper-
iments was a greatly elevated activity of B cells and plasma 
cells in the draining iLN.

We conducted a systematic analysis of both the initial 
and later-developing immunological events in the draining 
iLN after immunization. A previous study described a bimodal 
action of neutrophils, with an immediate and a later phase of 
activity (Yang et al., 2010). We used early (2 h) and late (day 
7–14) time points to study LysM-DTA mice and to compare 
the effects of both neutrophil depletion and neutralization of 
G-CSF in WT mice. These experiments indicated that the 
immunological phenotypes of gene-deleted or manipulated 
WT mice were essentially identical. We determined that in 
the absence of neutrophils (i.e., significantly reduced num-
bers), there was an elevation in the development of IL-17–
producing T cells associated with increased IL-23 production 
by DCs, which agrees with and extends the findings of the 
increased antigen-specific proliferative activity previously de-
scribed (Yang et al., 2010; Yang and Unanue, 2013). Similarly, 
enhancement of induced Th1 responses through neutrophil 
depletion have recently been reported in both an ear Bacil-
lus Calmette–Guérin immunization model (Kozakiewicz et 
al., 2013) and in a Leishmania major infection setting (Ri-
beiro-Gomes et al., 2012).

Despite being severely neutropenic at steady state, Ly-
sM-DTA mice had a >20-fold elevated infiltration of neu-
trophils into draining iLNs by 14 d after CFA immunization, 
and this was also evident in antibody-mediated neutro-
phil-depleted WT mice. This scenario is thus reminiscent of 
an EG response caused by an increased demand for neutro-
phils during infection postulated to be the result of chemok-
ine amplification within the LN, with neutrophils attracting 
themselves through both their own chemokine production 
as well as that being induced in other cells by neutrophil-re-
leased cytokines (Chou et al., 2010). Although we had pre-
dicted that neutrophil attractant chemokines CXCL1 and 
CXCL2 would likely cause this effect, as has been previ-
ously reported via the action of IL-17 (Onishi and Gaffen, 
2010; Brackett et al., 2013; Jin and Dong, 2013), our analyses 
rather indicated the critical involvement of prostaglandins in 

this process. Considering that there are such low numbers of 
circulating neutrophils in LysM-DTA mice, this neutrophil 
mobilization is thus extremely efficient. Further investigations 
should address what specific cell type produces the prosta-
glandins in the LN. It has been reported that stromal fibro-
blasts in the LN express Cox2 (Kawamura et al., 2013) and 
that this could be induced by IL-17 (Stamp et al., 2004). It has 
also been demonstrated that prostaglandins play an important 
role in neutrophil recruitment to the inflamed joints during 
rheumatoid arthritis (Lemos et al., 2009).

The infiltrating neutrophils localized close to B cells 
and plasma cells within the LN and produced both soluble 
and membrane-bound BAFF upon stimulation with G-CSF 
in combination with a secondary secretagogue-like signal 
(Scapini et al., 2008). We were able to reproduce these in-
teractions in vitro, and inhibition of G-CSF in vivo atten-
uated the observed highly activated plasma cell phenotype. 
Human neutrophils have similarly been reported to secrete 
BAFF in a time-dependent manner and to increase levels of 
membrane-expressed BAFF after G-CSF stimulation, both 
in vitro and in vivo (Scapini et al., 2003; Assi et al., 2007). 
Other studies have also demonstrated the capacity of neu-
trophils to produce B cell cytokines such as BAFF, APR​IL, 
and IL-21 (Scapini et al., 2008; Puga et al., 2012; Coquery 
et al., 2014; Magri et al., 2014). BAFF/APR​IL-mediated in-
teraction between neutrophils and splenic marginal zone B 
cells permits T cell–independent antibody responses to mi-
crobial antigens (Puga et al., 2012), and neutrophils produc-
ing BAFFs have been demonstrated to maintain autoantibody 
production in settings of both autoimmunity and cancer 
(Roosnek et al., 2009).

Plasmablast formation is linked to both the number 
of antigen-specific B cells recruited as well as to microen-
vironmental factors required for their survival (Mohr et al., 
2009). The excessive recruitment of neutrophils into the B 
cell regions of iLNs in LysM-DTA mice would thus provide 
for an increased induction and proliferation of B cells and 
subsequent plasma cell antibody production, exactly as we 
observed. Neutrophil infiltration into the LN cortex has been 
characterized in a setting of Toxoplasma gondii infection, 
the neutrophils forming swarms of varying size and duration 
with coordinated and cooperative migration (Chtanova et 
al., 2008). Although this behavior is desired in an immune 
response aimed at eliminating an infective agent, the same 
cooperative neutrophil behavior in our model could lead to 

intensity. B220+ B cells were used as a positive control. (D) B cells were sorted from WT spleen, and neutrophils were sorted from WT BM. 106 B cells were 
co-cultured at a 1:1 ratio with neutrophils and 30 µg/ml anti-CD40 for 72 h. 5 µg anti-BAFF or 5 µg BAFF receptor (BAF​FR) Fc was used to neutralize BAFF. 
(E) Sorted BM neutrophils (>95% purity) were cultured in a 48-well plate at a density of 5 × 105 cells in 500 µl of medium and stimulated for 6 h with the 
respective stimuli. (F) Analysis of the presence of plasma cells and neutrophils in iLNs at day 14 p.i. in WT, GCS​FR−/−, and LysM-DTA mice treated with an 
anti–G-CSF neutralizing antibody (67604) or isotype control. Mice were given i.p. injections of 5 µg of antibody on day 0 and every second day until day 
14. (G) BAFF-ELI​SA of serum samples collected at 14 d after CFA in WT and LysM-DTA mice treated with neutralizing anti–G-CSF or rat isotype antibody. 
Data in A are representative of four separate mice. Data in B–G are representative of two separate experiments. n = 5/group. Results are mean ± SEM. *, P 
< 0.05; **, P < 0.01 (unpaired Student’s t test).
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the significant local accumulation of plasmablast-promoting 
factors, which result in such a significant antibody response.

A prolonged lifespan or alternatively a dramatically 
increased local infiltration of neutrophils (as evident in our 
study) would increase the efficiency of innate neutrophil 
functionality, such as elimination of microbes, but will also 
permit more extensive cross talk with other immune cells. 
The current view is that neutrophils are capable of such 
cross talk with a multiplicity of immune cell types including 
T and B cells, either potentiating or suppressing their activ-
ities during both initiation and resolution of inflammation 
(Mantovani et al., 2011). We conclude that T cell–dependent 
B cell responses can now also be regarded as being neutro-
phil regulated. The sequence of events in CFA-immunized 
LysM-DTA mice (Fig.  9) we propose is thus (a) enhanced 
DC migration and IL-23 production caused by neutrope-
nia, leading to (b) enhanced activation of IL-17–producing 
T cells and (c) the sequential IL-17–induced prostaglan-
din-dependent attraction of neutrophils, which in turn (d) 
produce an excess of BAFF that (e) efficiently promotes B 
cell activation and plasma cell formation. As neutrophilia has 
been demonstrated to adversely affect the efficacy of Bacillus 
Calmette–Guérin vaccination with respect to Th1 cell–in-
duced activities (Kondratieva et al., 2010), vaccinations aimed 
at induction of antigen-specific antibody responses might be 
made more efficient by transient neutrophil depletion at the 
time of vaccination. However, one would need to ensure that 
antigen specificity prevails using this protocol, and this will be 
the focus of future studies.

MAT​ERI​ALS AND MET​HODS
Mice.� All mice were bred and maintained under specific 
pathogen-free conditions at the Karolinska Institutet. All ani-
mal experiments were approved and performed in accordance 
with national animal care guidelines and ethical permits (local 
ethical committee, Stockholm North). The R26RDTA, Ly-
sM-CRE, GCS​FR−/−, and B6.2D2 mice were obtained from 
The Jackson Laboratory. R26REYFP was a gift from C. Johans-

son (Karolinska Institutet, Stockholm, Sweden) and was orig-
inally obtained from The Jackson Laboratory.

Immunizations and treatments.� Mice were s.c. immunized 
with 100  µl of emulsified CFA (Sigma-Aldrich; 200 µg/
mouse M. tuberculosis H37 RA; DIF​CO). KLH (100 µg/
mouse; Sigma-Aldrich) or OVA (100 µg/mouse; Worthing-
ton Biochemical Corporation) was emulsified in CFA and 
immunized s.c. in a volume of 100 µl/mouse. To deplete neu-
trophils, mice were i.p. injected with 500 µg of rat anti-Ly6G 
antibody (1A8; Bio X Cell) or with isotype control rat IgG 
(2A3; Bio X Cell) in PBS (Sigma-Aldrich). G-CSF neutral-
ization was conducted by i.p. injection of 5 µg of rat anti–G-
CSF antibody (67604; R&D Systems). Rat anti-CXCL1 and 
rat anti-CXCL2 antibodies were injected i.p. at a concentra-
tion of 10 µg/mouse. IL-17 neutralization was conducted by 
i.p. injection of 100 µg/mouse of rat anti–IL-17 antibody 
(50104; R&D Systems). INDO was used at a concentration of 
40 µg/mouse i.p. Isotype rat IgG (R&D Systems) 
was injected as a control.

Cellular assays and reagents.� LN and spleen cell suspensions 
were obtained by mechanical dissociation of the organs in 
ice-cold PBS. BM cell suspensions were obtained by dissec-
tion of both femurs. Blood cells were obtained by puncturing 
the retro orbital sinus postmortem. Erythrocyte lysis was per-
formed on blood, spleen, and BM cells with ice-cold ammo-
nium-chloride-potassium (ACK) lysis buffer (Sigma-Aldrich). 
Cells were counted using the Scepter cell counter (EMD 
Millipore) with cell discriminator set at 4.8–15 µm. Cells 
were cultured in complete high glucose DMEM (Sigma-Al-
drich) supplemented with 10% FBS (Sigma-Aldrich). Isola-
tion of untouched BM and LN neutrophils was achieved 
using a magnetic-activated cell-sorting (MACS) neutrophil 
isolation kit (BM >95% purity, LN >90% purity; Miltenyi 
Biotec). BMDCs were differentiated with 20 ng/ml GM-
CSF (R&D Systems) for 6 d. CD4 T cells were MACS sorted 
from TCR transgenic 2D2 splenocyte preparations. DC–T 

Figure 9.  Proposed model for neutrophil regu-
lation of T and B cells during EG. (1) Neutropenia 
at the time of CFA immunization triggers induced EG 
by enhanced serum G-CSF levels. Lack of apoptotic 
neutrophils enhances IL-23 production by DCs and 
increases DC migration to the dLNs. (2) Increased 
IL-23 production by DCs induces IL-17 produc-
tion by CD4+ T cells in the LN. IL-17 induces Cox2 
expression in stromal LN cells, and the subsequent 
prostaglandin synthesis by Cox2 specifically recruits 
neutrophils to the LNs. (3) The recruited neutrophils 
migrate close to the B cells and with the support of 
G-CSF produce BAFF that directly promotes B cell 
activation and survival.
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cell co-cultures were pulsed with MOG35–55 peptide at a con-
centration of 30 µg/ml. Neutrophils were defined as being 
apoptotic (30–40% based on annexin V/potassium iodide 
staining) after 6–8 h in culture. The following reagents were 
used at 100 ng/ml: LPS (Sigma-Aldrich), G-CSF, GM-CSF, 
IFN-γ, IL-17, CXCL2, and IL-18 (R&D Systems). Stimula-
tory anti-CD40 (1C10; BioLegend) was used at a concentra-
tion of 30 µg/ml. Anti-BAFF (AF2106; R&D Systems) or 
BAFF receptor Fc chimera protein (1357-BR; R&D Sys-
tems) was used to neutralize soluble BAFF. FITC (isomer 1 
FITC, 1%; Sigma-Aldrich) was dissolved in an acetone/dibu-
tyl phthalate (1:1, vol/vol; Sigma-Aldrich) for contact sensiti-
zation solution. Mice were shaved closed to the base of the 
tail, and 20  µl FITC solution was painted onto the skin. 
Draining iLNs were dissected 24 h after painting.

Flow cytometry and reagents.� Staining procedures were al-
ways performed at 4°C except for staining of the blood, 
which was at room temperature. Dead cells were always ex-
cluded using a LIVE/DEAD Fixable Dead Cell Stain kit (In-
vitrogen). The Annexin V Apoptosis Detection Kit II (BD) 
was added to determine the apoptosis/necrosis ratio. Forward 
scatter area and forward scatter time-of-flight were used to 
remove doublets. Intracellular cytokine staining with an in-
tracellular staining kit (eBioscience) was performed after 4-h 
treatment with 50 ng/ml PMA (Sigma-Aldrich), 1 µg/ml 
ionomycin (Sigma-Aldrich), and 1 µl/ml GolgiPlug (BD) in 
complete DMEM (Sigma-Aldrich). Antibody dilutions were 
generally 1/100, and 106 cells were stained in a 50-µl volume. 
The following antibodies were used: B220 (RA3-6B2; Bio-
Legend), BAFF (121808; R&D Systems), CD3 (17A2; Bio-
Legend), CD4 (GK1.5; BioLegend), CD8 (53-6.7; 
eBioscience), CD11b (M1/70; BioLegend), CD11c (N418; 
BioLegend), CD16/CD32 (93; BioLegend), CD21 (7E9; Bi-
oLegend), CD23 (B3B4; BioLegend), CD44 (IM7; BD), 
CD54 (YN1/1.7.4; BioLegend), CD62L (MEL-14; eBiosci-
ence), CD68 (927; BioLegend), CD86 (GL-1; BioLegend), 
CD93 (AA4.1; BioLegend), CD138 (281-2; BioLegend), 
CD154 (MR1; BioLegend), CXCR5 (L138D7; BioLegend), 
F4/80 (BM8; BioLegend), FoxP3 (FJK-16s; eBioscience), 
IFN-γ (XMG1.2; BD), IL-17 (TC11-18H10; BD), IgD (11-
26c.2a; BioLegend), IgG (STAR120F; AbD Serotec), IgM 
(RMM-1; BioLegend), Ki67 (B56; BD), Ly-6C (HK1.4; Bio-
Legend), Ly-6G (1A8; BD), MHC II (M5/113.15; BioLeg-
end), NK1.1 (PK136; BD), and PD1 (RMP1-30; BioLegend). 
Cells were acquired with a flow cytometer (Gallios; Beckman 
Coulter) and were analyzed by Kaluza 
software (Beckman Coulter).

Immunofluorescence.� Tissue was embedded in optimal cut-
ting temperature medium (TissueTec) and directly snap fro-
zen in isopentane cooled by dry ice. The tissue was then cut 
into 8- or 14-µm sections by a cryostat and mounted on su-
perfrost glass slides, which were dried for at least 1 h before 
storage at −70°C. Tissue sections were fixed and permeabi-

lized with ice-cold acetone. The following antibodies were 
used: B220 (RA3-6B2; BioLegend), CD3 (pc; Abcam), CD68 
(FA-11; AbD Serotec), CD103 (2E7; BioLegend), CD138 
(281-2; BioLegend), F4/80 (BM8; AbD Serotec), IgG 
(STAR120F; AbD Serotec), Ly-6G (1A8; BioLegend), MAR​
CO (ED31; AbD Serotec), MOMA1 (Abcam), and PNA 
(Vector). Tissue was mounted with Prolong Gold mountant 
(Invitrogen), and images were captured using a confocal scan-
ning microscope (DMI6000; Leica Biosystems) connected to 
a True Confocal scanner (SP5; Leica Biosystems).

ELI​SA and cytometric bead array.� Cell-free supernatants were 
analyzed for soluble BAFF using BAFF ELI​SA (R&D Sys-
tems) after neutrophil stimulation. Serum was collected by 
heart puncture postmortem. Serum antibodies toward KLH 
or OVA were analyzed with anti–mouse IgG, IgG1, IgG2a, 
IgG2b, and IgG3 (SouthernBiotech) horseradish peroxidase–
coupled antibodies, and the serum was incubated in KLH-, 
LPS-, peptidoglycan (Sigma-Aldrich)-, phosphorylcholine 
(Sigma-Aldrich)-, calf thymus DNA (Sigma-Aldrich)–, M. 
tuberculosis (heat-killed bacteria resuspended in PBS and 
0.2-µm filtered)–, or OVA-coated ELI​SA plates as previously 
described (Aarntzen et al., 2012). Serum G-CSF was mea-
sured using a cytometric flex bead array (BD). Data collection 
and analysis were performed using a Gallios flow cytometer 
and FCAP array software (BD).

RT-PCR.� For the quantification of gene products, RNA was 
extracted and reverse transcribed into cDNA as described 
previously (Parsa et al., 2012). Quantitative RT-PCR was 
done with specific primer pairs: CXCL1/KC (forward): 5′-
CTG​GGA​TTC​ACC​TCA​AGA​ACA​TC-3′; CXCL1/KC 
(reverse): 5′-CAG​GGT​CAA​GGC​AAG​CCTC-3′; CXCL2/
MIP-2 (forward): 5′-CCA​ACC​ACC​AGG​CTA​CAGG-3′; 
CXCL2/MIP-2 (reverse): 5′-GCG​TCA​CAC​TCA​AGC​
TCTG-3′; BAFF (forward): 5′-ACA​CTG​CCC​AAC​AAT​
TCC​TG-3′; BAFF (reverse): 5′-TCG​TCT​CCG​TTG​CGT​
GAA​ATC-3′; COX1 (forward): 5′-ATG​AGT​CGA​AGG​
AGT​CTC​TCG-3′; COX1 (reverse): 5′-GCA​CGG​ATA​GTA​
ACA​ACA​GGGA-3′; COX2 (forward): 5′-TGA​GCA​ACT​
ATT​CCA​AAC​CAGC-3′; and COX2 (reverse): 5′-GCA​
CGT​AGT​CTT​CGA​TCA​CTA​TC-3′. Gene expression was 
normalized to that of the gene encoding hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT) for each sample.

Statistical analysis.� Statistical significance was assessed using 
the two-tailed unpaired Student’s t test performed in Prism 
(version 5; GraphPad Software).
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