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Allergen-specific Abs play a pivotal role in the induction and maintenance of allergic airway inflammation. During secondary immune
responses, plasma cell survival and Ab production is mediated by extrinsic factors provided by the local environment (survival niches).
It is unknown whether neurotrophins, a characteristic marker of allergic airway inflammation, influence plasma cell survival in the lung.
Using a mouse model of allergic asthma, we found that plasma cells from the lung and spleen are distinct subpopulations exhibiting
differential expression patterns of neurotrophins and their receptors (Trks). In vitro, the nerve growth factor (NGF) and neurotrophin-3
(NT3) led to a dose-dependent increase in viability of isolated pulmonary plasma cells due to up-regulation of the antiapoptotic Bcl2
pathway. In parallel, the expression of transcription factors that stimulate the production of immunoglobulins (X-box binding protein
1 and NF-�B subunit RelA) was enhanced in plasma cells treated with NGF and NT3. These findings were supported in vivo. When the
NGF pathway was blocked by intranasal application of a selective TrkA inhibitor, sensitized mice showed reduced numbers of pul-
monary plasma cells and developed lower levels of allergen-specific and total serum IgE in response to OVA inhalation. This suggests
that in the allergic airway inflammation, NGF/TrkA-mediated pulmonary IgE production contributes significantly to serum-IgE levels.
We conclude that the neurotrophins NGF and NT3 act as survival factors for pulmonary plasma cells and thus are important regulators
of the local Ab production in the allergic airway disease. The Journal of Immunology, 2009, 182: 4705–4712.

I n allergic asthma, the local pulmonary inflammation includes
the development of Ag-specific plasma cells (PC)4 and local IgE
production (1, 2). Bound to mast cell Fc�RI, the allergen-spe-

cific IgE functions as the immunological interface between the aller-
gen and the immune system. Upon cross-linkage of several adjacent
Fc�RI-bound IgE molecules, mast cell degranulation is triggered fol-
lowed by the release of proinflammatory mediators that orchestrate
the allergic response (3–5). Thus IgE and IgE-secreting PC play a
pivotal role in the initiation and progression of allergic inflammation.

The activation and differentiation of B cells into PC can take place
locally in the inflamed tissue, providing high-level production of Ag-
specific Abs at the inflammatory site, as described in autoimmune and

allergic diseases (2, 6, 7). Several in vitro studies demonstrated the
impact of a microenvironment on PC survival (8–11). Thus, for the
survival of airway PC and for a long term Ab production, the local
pulmonary environment must provide a complex milieu of cellular
and soluble components, which is still poorly understood. In bone
marrow, the pool of these survival factors for PC is referred to as
survival niches. Cassese et al. (12) identified IL-6 and hyaluronic acid,
which are secreted by bone marrow stroma cells, as essential factors
for PC survival. The composition of putative analogous pulmonary
survival niches for Ab-producing PC in allergic airway inflammation
is unknown. Neurotrophins, especially the nerve growth factor
(NGF), are among other factors involved in the induction and main-
tenance of the allergic airway inflammation (13–15). Originally de-
scribed as a neurotrophic factor, NGF is linked to a plethora of effects
in the peripheral neuronal system, as well as inflammatory cells, and
is being increasingly described as an important player in asthma
pathogenesis (16–18). Primary, local T cells and macrophages have
been identified as the sources of NGF production (19–21) and further
studies have revealed the correlation of human serum-NGF concen-
trations with the severity of allergic disease and IgE titers (22). NGF
has also been described as a survival factor for lung eosinophils in
humans (23, 24).

Moreover, in vitro studies have demonstrated the anti-apoptotic
effect of NGF on B cells (25, 26). Therefore, the present study
aimed to test the hypothesis that NGF could play a critical role in
creating a survival niche for Ab-secreting PC within the locally
inflamed airways by induction of anti-apoptotic pathways.

Materials and Methods
Animals

Female BALB/c mice (6- to 8-wk-old; Harlan Laboratories) were main-
tained under specific pathogen-free conditions. OVA-free diet and water
were supplied ad libitum. All animal studies were approved by the local
animal ethics committee.
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Received for publication August 29, 2008. Accepted for publication February 2, 2009.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 Supported by the Deutsche Forschungsgemeinschaft Re737/14-1 (to M.A., M.W.,
V.F., S.S., E.O.L., A.R., and H.R.) and Transregio 22 Pulmonary Allergies; Project
A17 (to M.Z.) and Project Z2 (to H.R.).
2 H.R. and M.Z. contributed equally to this work.
3 Address correspondence and reprint requests to: Dr. Michael Zemlin, Philipps Uni-
versity Marburg, Department of Pediatrics, Baldingerstr. 1, 35033 Marburg, Ger-
many. E-mail address: zemlin@staff.uni-marburg.de
4 Abbreviations used in this paper: PC, plasma cell; ASC, Ab-secreting cell; BAL,
bronchoalveolar lavage; ER, endoplasmic reticulum; i.n., intranasal; MNC, mononu-
clear cell; NGF, nerve growth factor; SAC, Staphylococcus aureus cells; siRNA,
small interfering RNA; qPCR, quantitative PCR; UPR, unfolded protein response;
7-AAD, 7-aminoactinomycin D; XBP-1, X-box binding protein-1.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

The Journal of Immunology

www.jimmunol.org/cgi/doi/10.4049/jimmunol.0802814



Animal treatment protocols

Mice were i.p. sensitized to OVA and challenged with aerosolized OVA as
previously described (27). OVA aerosol treatment was given every third
day for two weeks, beginning at day 43. For the inhibition of the TrkA
receptor, mice were challenged with OVA aerosol on two consecutive
days, and received 6 nmol of a highly selective TrkA inhibitor (Calbio-
chem) in PBS/DMSO intranasally (i.n.) (Fig. 4A). Control mice obtained
OVA aerosol and PBS/DMSO i.n.

NGF transgenic mice are on the C57BL/6 background. To investigate
the numbers of PC, wild type controls and NGF transgenic mice were
chronically exposed to OVA aerosol twice a week on two consecutive days
for 12 wk. After 12 wk, mice were killed and analyzed.

Isolation and culture of plasma cells and B cells

For B cell and PC isolation the lungs were perfused with PBS � 1% FCS,
without involvement of the local lymph nodes, to eliminate contamination
with draining blood cells. Lung lymphocytes were prepared from single
cell suspension through density centrifugation using Pancoll (Cytogen).
Bone marrow cells were isolated by flushing femurs and tibias with PBS �
1% FCS. CD138�/B220low/�/CD19low/� PC were isolated from lung, bone
marrow, and spleen with the PC isolation Kit (Miltenyi Biotec) according
to the manufacturer’s instructions with a purity of �95%. Enriched B220�/
CD138� PC were sorted by FACS using monoclonal anti-CD138-PE and
anti-CD45R-APC Abs (BD Bioscience). For additional experiments, PC
were incubated in RPMI 1640 medium (Invitrogen) supplemented with
different concentrations (0.5, 1, 5, and 25 ng/ml) of recombinant NGF or
NT3 (both from ImmunoTools) at 37°C for 16 or 72 h. Cell viability and
detection of apoptotic cells were determined through 7-aminoactinomycin
D (7-AAD) and annexin V/propidium iodide (both obtained from BD Bio-
science) staining according to the manufacturer’s instructions.

For analysis of mRNA expression, isolated PC were incubated
with NGF (10 ng/ml) for 16 h

B cells were isolated using the B cell-isolation kit from Miltenyi Biotec
according to manufacturer’s instructions following culture and activation
with 10 ng/ml Staphylococcus aureus cells (SAC) (Pansorbin, Calbio-
chem), 10 ng/ml rIL-4 (Invitrogen) and 2.5 �g/ml anti-CD40 (BD Bio-
science) at 37°C for 5 days. At day 6, cells were stimulated with NGF (10
ng/ml) or NT3 (5 ng/ml) for 16 h.

For transcription analysis, total RNA was purified from cultured PC and
B cells using the RNeasy Micro Kit (Qiagen).

Western blot

Isolated plasma cells were resuspended in M-PER buffer (Pierce)/0.1%
Triton X-100 and centrifuged for 10 min at 14,000 rpm and 4°C. Super-
natants (protein fraction) were used for protein assay against a standard of
BSA. Defined amounts (25 �g) of proteins were electrophoresed through
a 10% SDS-polyacrylamide gel. After electrophoresis, proteins were trans-
ferred to nitrocellulose paper and blocked with blocking solution contain-
ing 10% milk powder. Polyclonal rabbit anti-mouse TrkA and TrkC Abs
(Santa Cruz Biotechnology) were diluted 1/1000 and 1/200 in blocking
solution and incubated over night at 4°C. A secondary HRP-conjugated
anti-rabbit Ab (Sigma-Aldrich) was used in PBS Tween 20. The reaction
was detected using the Western blotting Luminol Reagent (sc-248, Santa
Cruz Biotechnology) and developed using a chemiluminescence Hyperfilm
(Amersham Biosciences).

Determination of mRNA expression

cDNA synthesis of total RNA from isolated lung- or spleen-derived PC
was performed using SuperScript II reverse transcriptase and random hex-
amers (Invitrogen). Standard PCR with the cDNA was performed using the
Hot-Start Master-Mix (Qiagen) for 40 cycles. The primer sequences (sense/
antisense) used were: TrkA, 5�-CCA CAA CTG GTG TTG TGT CC-3�/5�
ATT GTT CCT GTG CCC TGT TC-3�; TrkB (gp145), 5�-AAC CTG CTG
GTG AAA ATT GG-3�/5�-TGC TTG CCG TAG GTG AAG AT-3�; TrkC,
5�-GAA GGA GAC AAT GCC GTG AT-3�/5�-TGG CAT GTA CAT
TGG TCC AG-3�; NGF, 5�-CCA AGC TCA CCT CAG TGT C-3�/5�-TAC
GGT TCT GCC TGT ACG-3�; NT3, 5�-CTG AGT GAC AGC ACC CCT
TT-3�/5�-CAG CAC TGT GAC CTG GTG TC-3�; brain-derived neuro-
trophic factor, 5�-AGG ACG CGG ACT TGT ACA CT-3�/5�- TCA GTT
GGC CTT TGG ATA CC-3�.

Real-time PCR was performed with the Rotogene RG-3000 using the
QuantiTect-SYBR Green PCR kit (Qiagen) according to the manufactur-
er’s instructions. The relative quantity of each transcript was normalized to
the expression of the housekeeping gene L32 and the relative expression

level has been calculated by the ��cT method (28). For analysis the fol-
lowing mouse specific primers were used: L32 5�-AACCCAGAGGC
ATTGACAAC 3�/5� ATTGTGGACCAGGAACTTGC 3; mIL-6, 5�-TGC
CTTCTTGGGACTGATGC-3�/5�-GCCTCCGACTTGTGAAGTGG-3�;
mRelA(p65), 5�-GACCTGGAGCAAGCCATTAG-3�/5�-ATCGTATGT
GAGAGGACAGG-3�; mEdem1, 5�-AAGCCTGCAATGAAGGAGAA-
3�/5�-CTGCAGTCCAGGGAAGAAAG-3�; mHspa5, 5�-TGCAGCAG
GACATCAAGTC-3�/5�-TTTCTTCTGGGGCAAATGTC-3�; mBcl2, 5�-
GGACTTGAAGTGCCATTGGT-3�/5�TAGCCCCTCTGTGACAGCTT-
3�; mXBP-1, 5�-TATCCTTTTGGGCATTCTGG-3�/5�-AAAGGGAGG
CTGGTAAGGAA-3�.

Inhibition of the NGF/TrkA signaling in vitro

Isolated lung PC were cultured in medium supplemented with 25 ng/ml
NGF and treated with low concentration (6 nmol) of a highly selective
TrkA receptor (IC50 � 6 nM) (Calbiochem) (29) and with 100 ng/ml poly-
clonal rabbit anti-mouse NGF Ab (Sigma-Aldrich) diluted in medium, for
72 h.

For silencing of the TrkA receptor expression in activated lung mono-
nuclear cells (MNCs) via TrkA-specific small interfering RNA (siRNA;
Qiagen), lungs of OVA-sensitized and OVA-challenged mice were per-
fused and single cell suspensions were produced. MNCs were enriched by
centrifugation over an isotonic Pancoll gradient followed by culturing in
RPMI 1640 medium and stimulation with 10 ng/ml SAC, 10 ng/ml rIL-4,
and 2.5 �g/ml anti-CD40 Abs for 7 days. On day 8, activated MNCs were
transfected with 5 pmol/106 cells of TrkA-specific siRNA together with
Hi-PerFect transfection reagent (Qiagen) for 3 h following the manufac-
turer’s instructions for primary cells. The specificity of the siRNA was
tested by treating control cells with a nontargeting siRNA (Qiagen) or with
the transfection reagent alone. After 8 and 24 h, RNA were isolated and
Bcl2 expression was quantified via quantitative PCR (qPCR) as described
above. After 72 h levels of IgG1 were determined in the supernatant using
anti-mouse IgG1 (A85–3, BD Bioscience), biotin anti-mouse Ab (R 12–3,
BD Bioscience), and ELISA. To investigate the involvement of an apo-
ptotic pathway, the Apo-ONE homogeneous caspase-3/7 assay (Promega)
was performed 24 h after siRNA transfection according to the manufac-
turer’s instructions. Transfection efficiency (�60%) was determined with a
fluorescence-labeled siRNA (Qiagen).

Measurements of Ig concentrations

OVA-specific and total Ab titers were determined in serum as previously
described (30) The Ab concentrations of the samples were calculated by
comparison with the appropriate standards: mouse IgG1 (S1-68.1, BD Bio-
sciences), mouse IgE (C38–2, BD Biosciences), mouse OVA-IgG1 (OVA-
14, Sigma-Aldrich), and mouse OVA-IgE (2C6, Serotec).

Differentiation of cells in the bronchoalveolar lavage (BAL)
fluids

Animals were sacrificed 24 h after last treatment with the TrkA inhibitor,
the trachea was cannulated, and the BAL cells were obtained by lavage

FIGURE 1. Different expression pattern of the Trk-receptors in PC from
lung and spleen. PC from the airways and spleen of OVA-sensitized and
challenged mice (n � 20), were isolated using MACS and FACS sorting.
mRNA expression for the Trk-receptors (A) and their ligands (B) and of
Trk-receptor protein by Western Blot (C). D, To confirm purity of B lin-
eage cells, isolated cells were tested for T cell-specific CD3 and B lineage
specific IGHG1 expression.
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with 1 ml of PBS. The total cell numbers were determined and cyto-
spins were prepared and fixed for each sample by centrifugation of 200
�l of BAL fluid at 100 � g for 5 min. The cytospins were stained with
Diff Quick (Baxter Merz & Dade) and classified using standard mor-
phological criteria.

Lung histology

For immunofluorescence staining lungs were inflated with 1 ml of 50%
Tissue-Tek (Sakura) in PBS. Sections were blocked with PBS/3% BSA and
anti-mouse Fc� receptor (BD Biosciences). For �/� staining, FITC-conju-
gated anti-mouse � (187.1, SouthernBiotech) and anti-mouse Ig �1, �2, and
�3 L chain (R26–46, BD Biosciences) were used. Formaldehyde-fixed and
paraffin-embedded lungs sections were stained for apoptotic cells with
TUNEL assay according to manufacturer‘s instructions (Roche). For con-
trols, we used lung sections from OVA aerosol-challenged mice, pretreated
with recombinant DNaseI for 10 min at 25°C (positive control) and lung
sections treated identically but without the enzyme (negative control). Nu-
clear Fast Red was used for the counter staining (DakoCytomation). Form-
aldehyde-fixed and paraffin-embedded lung sections were stained with
H&E or periodic acid-Schiff. The slides were analyzed using a BX51 mi-
croscope and CellF software (both from Olympus).

Statistical analysis

Results are presented as mean values 	 SEMs. Data were analyzed for
significance with the help of unpaired Student’s t test using the GraphPad
Prism software (v. 4.0).

Results
Differential expression of neurotrophin receptors on plasma
cells from inflamed airway tissue and spleen

Following sensitization of BALB/c mice to OVA and OVA
aerosol challenge, CD138�, B220low/�, and CD19low/� PC
were isolated from airway tissue and spleen using MACS tech-
nology and FACS sorting. The mRNA expression of the neu-
rotrophin-receptors (Trk) differed between the airways and
spleen. PC from spleen and inflamed airway tissue expressed
the TrkC receptor, whereas only the latter coexpressed TrkA
receptor, enabling the pulmonary PC to respond to NGF-sig-
naling (Fig. 1A). In neither population mRNA of the TrkB-
receptor was detectable. In agreement with these data, expres-
sion of the TrkC-receptor protein (145 kDa) could be detected
in PC from both organs, but the TrkA receptor (140 kDa) pro-
tein was only detectable in pulmonary PC (Fig. 1C). PC from
the lung also expressed the mRNA of the TrkC-receptor ligand
NT3 and the TrkB-receptor ligand BDNF but not NGF. Spleen-
derived PC were tested positive only for NGF mRNA expres-
sion (Fig. 1B). Control experiments showed that PC of both
organs expressed mRNA of IGHG1, but not T cell specific CD3,
indicating purity of the cells analyzed (Fig. 1D).

NGF promotes survival of lung PC

Isolated pulmonary PC cultured with increasing concentrations
of NGF for 72 h showed, in a dose-dependent fashion, a sig-
nificantly increased number of viable cells compared with the
untreated control group, as shown by 7-AAD staining ( p 

0.01; p 
 0.001). Increased number of viable cells was also
detectable after NT3 stimulation, reaching optimal values at a
dose of 10 ng/ml (Fig. 2A). The increased viability in the pres-
ence of NGF was reversible by addition of the TrkA inhibitor
(31) (IC50 � 6 nM) for 24 h ( p � 0.01; Fig. 2B), thus proving
that the increased viability in the presence of NGF was medi-
ated via signaling through TrkA. Addition of the TrkA inhibitor
did not affect the viability of the cells that were cultured in the
absence of NGF (Fig. 2B). As a control to rule out an unspecific
toxic effect of the inhibitor, concomitant treatment of isolated
lung PC with NGF (25 ng/ml) and a neutralizing anti-mouse
NGF Ab led also to a significant reduction of viable cells after
24 h ( p � 0.01; Fig. 2B). To ensure that loss of viability was

FIGURE 2. NGF and NT3 mediate PC survival. Lung PC were cultured
with increasing concentrations of NGF or NT3 for 72 h. Cell viability was
determined using 7-AAD staining and FACS. Stimulation with NGF or
NT3 led to dose-dependent increased cell viability (A) that could be an-
tagonized by i.n. TrkA inhibitor (B). C, As control, TrkA-negative bone
marrow PC treated with NGF alone or together with the TrkA inhibitor
were refractory against the inhibition and showed no changes in cell via-
bility. �, p 
 0.05; �/��, p 
 0.01.

FIGURE 3. NGF enhances expression of Bcl2, XBP-1, and IL-6. The
mRNA expression levels were quantified with qPCR and ��cT method. Cul-
turing of lung PC together with NGF (10 ng/ml) for 16 h led to significantly
increased expression Bcl2, XBP-1, and IL-6. Expression of untreated PC (con-
trol) was equivalent to one. �, p 
 0.05; ��, p 
 0.01; ���, p 
 0.001.
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due to apoptosis, isolated lung PC were treated with NGF (25
ng/ml) together with TrkA inhibitor (6 nmol) or cultured in
medium without treatment for 72 h and stained with V-Annexin
and propidium iodide. Staining and analysis by flow cytometry re-
vealed a strong induction of apoptosis in both groups, whereas freshly
isolated lung PC showed no V-Annexin- and propidium iodide-spe-
cific staining (see supplemental Fig. 15). To verify the specificity of

lung PC to TrkA inhibitor treatment bone marrow-derived PC were
used as references. Bone marrow PC did not express TrkA and TrkC
receptor specific mRNA (data not shown) and viability was un-
changed after treatment with NGF (25 ng/ml) alone or together with
the TrkA inhibitor (6 nmol) (Fig. 2C). To test whether increased cell
survival by NGF is mediated via expression of genes implicated with
survival, isolated lung PC were incubated with NGF (10 ng/ml) for
16 h. After 16 h, qPCR revealed an enhanced expression of Bcl2 ( p 

0.05), XBP-1 ( p 
 0.001), and IL-6 ( p 
 0.01) (Fig. 3).5 The online version of this article contains supplemental material.

FIGURE 4. Inhibition of TrkA reduces ASC numbers and airway inflammation. Mice were sensitized with a standardized protocol of allergic airway
inflammation (A). OVA-sensitized (co.) and challenged mice were treated i.n. with the TrkA inhibitor (chall.�inhib.) or PBS/DMSO (chall.). Total serum
OVA-specific IgE was reduced (B and E), whereas IgG1 (C) and IgG2a (D) were unchanged. Pulmonary ASC numbers were significantly reduced in immuno-
fluorescence stainings of cryosections (F). Representative TUNEL-stained lung sections revealed a high number of apoptotic cells (dashes) in mice treated with
6 nmol of TrkA inhibitor (OVA � TrkA-In.) (G). Less apoptosis was detectable in OVA-sensitized control mice treated with the solvent lacking TrkA inhibitor
(OVA � PBS/DMSO) and the negative control staining n � 6. �, p 
 0.05; ��, p 
 0.01; ���, p 
 0.001.
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Reduced inflammation and IgE production after blocking of
TrkA in vivo

Because NGF plays a role in the pulmonary allergic inflammation
of OVA-sensitized mice (32, 33), we studied the effect of NGF on
the homeostasis of local PC in the inflamed airways. BALB/c mice
were sensitized with OVA/alum i.p. and further challenged two
times with OVA aerosol. Administration i.n. of the TrkA inhibitor
on two consecutive days, starting 24 h after the last challenge (Fig.
4A), resulted in significantly reduced serum levels of OVA-specific
( p 
 0.001; Fig. 4B) and total IgE ( p 
 0.05; Fig. 4E). In contrast,
no changes were detectable for anti-OVA IgG1 and anti-OVA
IgG2a levels ( p � 0.4952 and p � 0.663, respectively; Fig. 4, C
and D) at this time point. The histology revealed that the total
numbers of Ab-secreting cells (ASCs) in the lung was significantly
reduced after i.n. administration of the TrkA inhibitor ( p 
 0.05;
Fig. 4F. See supplemental Fig. 2 for representative cryo-sections).
In addition, in harmony with previous experiments, NGF-trans-
genic mice (34) revealed increased numbers of CD138�-PC com-
pared with the respective wild type control locally within the in-
flammation site after 12 wk of OVA aerosol exposition
(supplemental Fig. 3). Consistent with the above findings, H&E
staining of paraffin-embedded lung sections revealed reduced in-
flammatory cell numbers in the airways, especially a reduction of
eosinophils, in sensitized wild-type mice that were treated with
TrkA inhibitor (Fig. 5, supplemental Fig. 4). Examination of ap-
optosis-specific TUNEL-stained paraffin-embedded lung sections
revealed that the TrkA inhibitor-treated animals showed a high
number of apoptotic cells within the inflammatory infiltrate than
the PBS/DMSO-treated control group (Fig. 4G). To address the
role of the pulmonary TrkA receptor expression for the pulmonary
inflammatory cells and its influence on local Ab production, mono-
nuclear cells from lungs and spleen of OVA-sensitized and OVA
aerosol-exposed mice were isolated and activated with SAC and
rIL-4, followed by inhibition of TrkA receptor mRNA expression
using gene-specific siRNA. Only in lung-derived MNCs did treat-
ment with TrkA-specific siRNA lead to a reduced Bcl2 expression
and increased caspase-3 and -7 activities 8 and 24 h after trans-
fection ( p 
 0.001; Fig. 6). Treatment of splenic MNCs yielded
neither Bcl2 reduction nor an enhanced caspase activity (Fig. 6, A
and B). IgG1 production was significantly reduced in TrkA-spe-
cific siRNA-treated lung MNCs 72 h after transfection ( p 
 0.05;
Fig. 6C). IgE Abs were measured only at detection limit (data not
shown).

NGF and NT3 up-regulate expression of X-box-binding protein
1 (XBP-1) and NF-�B

To further explore the role of NGF and NT3 in PC cell survival, we
addressed the question whether increased cell viability after NGF
stimulation coincides with increased expression of factors in-
volved in anti-apoptotic pathways through reduction of intracellu-
lar stress during protein synthesis. Such factors are involved in the
unfolded protein response (UPR), a set of cellular control mech-
anisms that mediate survival by prevention of apoptosis caused by
accumulation of unfolded proteins and overwhelming oxidative

stress during long-term Ab production. Therefore we studied the
effect of NGF and NT3 on the expression of XPB-1, RelA, Hspa5,
and Edem1, factors known to be involved in the UPR, in in vitro
generated pulmonary ASC. As a control, IgG Ab production was
measured in the supernatant of the cell culture (data not shown).

FIGURE 5. Blocking of the TrkA receptor results in re-
duced inflammatory infiltrate. Representative H&E staining
of paraffin-embedded lung showed a reduction of the inflam-
matory cells after treatment with a TrkA inhibitor in compar-
ison the PBS/DMSO-treated control group. OVA sensitiza-
tion alone led to the formation of a small inflammatory
infiltrate within the airways. Representative pictures.

FIGURE 6. Reduction of Bcl2 expression and activation of caspase ac-
tivity in lung MNCs after treatment with TrkA-specific siRNA. Lung
MNCs of OVA-sensitized and OVA-challenged BALB/c mice were cul-
tured and restimulated with SAC, Il-4, and anti-CD40 Abs for 7 days. On
day 8, TrkA-specific siRNA was transfected for 3 h. For negative control
a nontargeting siRNA (co.) and transfection reagent alone (trans.) were
used. A, Bcl2 mRNA expression was quantified after 8 and 24 h using
qPCR. B, The caspase-3/7 activity was measured using caspase-3/7 assay
(Promega) after 24 h. As positive control DMSO-treated MNCs and as
negative control untreated cells (co.) were measured. C, After 72 h, newly
secreted IgG1 in the supernatant was quantified with ELISA. Nontrans-
fected restimulated cells were used as reference. �, p 
 0.05.
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Both NGF and NT3 treatment for 16 h lead to an enhanced ex-
pression of the transcription factors XBP-1 ( p 
 0.01 and p �
0.01, respectively) and RelA ( p 
 0.001 and p � 0.01, respec-
tively) (Fig. 7A). Two factors involved in the quality control ma-
chinery of the endoplasmic reticulum (ER), Hspa5, and Edem1,
were differentially regulated by NGF and NT3. The treatment with
NT3 led to an enhanced expression of Hspa5 ( p 
 0.01) and
Edem1 ( p 
 0.01), whereas NGF treatment enhanced Hspa5 ( p 

0.01) expression but not Edem1-expression (Fig. 7A). As a com-
parison, TrkA-positive lunge PC and bone marrow-derived PC
were isolated and stimulated under the same conditions (Fig. 7B).
The expression patterns of the analyzed genes did not differ be-
tween TrkA-positive PC from lung and bone marrow after NGF
treatment.

Discussion
In this study, we could identify for the first time the role of NGF
and NT3 as putative survival factors for local PC in inflamed air-
ways of mice with experimental asthma. Furthermore, we found
that pulmonary PC differ from splenic PC in their expression
pattern of neurotrophin-receptors and their respective ligands.
Only the lung PC express the TrkA receptor that binds NGF,
whereas the TrkC-receptor that binds NT3 was detectable in both
PC populations. In lung PC, concomitant expression of the TrkC
receptor and its ligand NT3 could indicate an autocrine mechanism
of activation. In contrast, NGF/TrkA-mediated survival of pulmo-
nary PC appears to be a paracrine mechanism. A previous study
demonstrated the importance of specific environmental factors on
the homeostasis of bone marrow PC (10, 12). Both NGF and NT3
are known to be potent factors mediating growth, proliferation and
survival of various cell types including B cells (35–38). Further-
more, NGF is involved in the maintenance of chronic inflammation
processes and consecutive remodelling (39–41). NGF might also
be an essential part of a survival niche for PC in the allergic airway
inflammation, because in mice that conditionally over-express

NGF in the airway epithelium, more CD138� PC are present in the
perialveolar area. NT3 is also known to be an inflammatory me-
diator, but its role in asthma is not well understood. We demon-
strated that both NGF and NT3 mediate the survival of isolated
lung PC but not in bone marrow-derived PC. The significantly
increased viability of NGF-treated cells was mediated by TrkA
signaling because this effect could be antagonized by inhibition of
the TrkA receptor. This blocking effect also ruled out the possi-
bility that the observed effects of NGF were mediated by other
receptors such as the low affinity pan-neurotrophin receptor
p75NTR, a well-known death-signaling receptor that acts through
the JNK kinase pathway or through NF-�B/RelA (42–44).

To examine the influence of NGF/TrkA signaling on local Ab
production in the lung in vivo, the TrkA receptor was blocked
locally in the inflamed airways by i.n. application of the inhibitor.
We found that inhibition of the TrkA receptor resulted in a sharp
reduction of ASC and inflammatory cells, such as lymphocytes and
eosinophils, in the lung. These findings are in harmony with a
marked decrease of allergen-specific serum IgE titers in all animals
after TrkA inhibitor treatment to control level within 24 h. Appli-
cation i.n. of TrkA inhibitor did not alter ASC numbers in the
spleen (data not shown). Thus it is likely that specific IgE produc-
tion by pulmonary PC contributes significantly to the systemic IgE
levels. Interestingly, the serum levels of IgG1 and IgG2a diminish
much more slowly after application of TrkA inhibitor. The rapid
drop of IgE levels might be caused by a shorter half-life time of
serum IgE (12 h, Ref. 45) compared with IgG (10 days, Ref. 45).
In addition, pulmonary IgE-producing PC might be more sensitive
to TrkA inhibitor treatment than IgG-producing PC. Significant
interindividual differences in IgE levels between individual mice
were excluded by measurement of IgE levels before Trk A inhib-
itor treatment (data not shown).

However, this experimental design cannot rule out the possibil-
ity that in addition to the local effects in the lung, i.n. application
of the TrkA inhibitor could also have indirect effects on PC pop-
ulations in other organs, through prevention of migration of newly
generated plasma blasts or through other mechanisms. The role of
NGF on PC formation and migration processes should be further
investigated.

All together, these results indicate that NGF plays an essential
role in regulating the local Ab production. Local inhibition of the
TrkA receptor and consecutive blocking of NGF signaling may
either directly lead to the apoptosis of pulmonary PC, or it may act
indirectly via other TrkA-expressing inflammatory cells such as T
cells (19) and eosinophils (32) and thus prevent the regulation of
other extrinsic factors. In support of this, a previous study shows
that reduction of NGF levels leads to a significant reduction of
IL-4 levels and prevents the development of airway hyperrespon-
siveness in OVA-sensitized mice (33). Additionally, IgE and IgG1
production in vitro was diminished by treatment with an anti-NGF
Ab (33). In support of these findings, we show that treatment of
isolated lung MNCs of OVA-sensitized mice with a specific
siRNA against the TrkA receptor mRNA leads to a strong reduc-
tion of Bcl2 expression, associated with an increase in caspase-3/7
activity as well as reduced Ab production. In contrast, treatment of
splenic MNCs with this siRNA did not influence these parameters.
These results again confirm the differences in pulmonary and
splenic PC and underscrore the role of NGF/TrkA signaling in
maintaining the inflammation process and local Ab production,
particularly in pulmonary PC.

To identify the mechanism through which the NGF/TrkA signal
leads to increased cell viability in pulmonary PC, we studied the
expression of proteins involved in the regulation of survival/apo-
ptosis, transcription induction, and protein synthesis. Long term

FIGURE 7. NGF and NT3 altered gene expression of ASC. Generated
ASC were cultured with NGF (10 ng/ml) or NT3 (5 ng/ml) for16 h. A,
Expression levels of XBP-1, RelA, and Hspa5 were significantly increased
after stimulation. Edem1 expression was 4-fold increased by NT3, but not
altered by NGF. B, Expression was compared with untreated cells (black
line). Treatment of isolated bone marrow PC with NGF and NT3 showed
no changes in gene expression compared with pulmonary PC. �, p 
 0.05;
��, p 
 0.01; ���, p 
 0.001.
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production and secretion of proteins can induce chronic cellular
stress due to an accumulation of unfolded and misfolded proteins
in the ER lumen and due to oxidative stress. Such chronic cellular
stress is associated with induction of apoptosis. To survive, PC
must avoid or reduce such cellular stress during high-rate Ab pro-
duction. To prevent apoptosis and to maintain homeostasis of ER
conditions, a prosurvival pathway, the UPR, can be inducted which
leads to high expression of ER-resident chaperones such as Hspa5,
chaperone cofactors, and components of the ER-associated degra-
dation pathway during ER stress. An essential factor of the UPR
pathway is the transcription factor XBP-1, which controls the ex-
pression of the above mentioned factors (46). Stimulation of in
vitro generated ASC with NGF lead to an enhanced expression of
RelA/p65 and a subsequent increase in Bcl2 expression, indicating
that NGF-mediated increase of PC viability is at least in part due
to the activation of the anti-apoptotic Bcl2-pathway (13, 47–49).
In addition, we found that the expression of the transcription factor
XBP-1, a major regulator of cellular protein synthesis and folding,
was increased in NGF-treated PC. XBP-1 is important to maintain
protein synthesis, particularly in PC. Moreover, the expression of
the chaperone Hspa5 was strongly increased in NGF as well as
NT3-treated PC. This ER-resident chaperone is described to bind
to unfolded proteins to prevent their aggregation, which is of great
relevance for secreting cells (50).

Interestingly, the expression of the ER degradation enhancer
mannosidase �-1 protein, which catalyzes the removal of poten-
tially harmful misfolded luminal glycoproteins from the ER (51),
was up-regulated by the TrkC-agonist NT3 but not influenced by
the TrkA ligand NGF.

Taken together, NGF- and NT3-signaling via their respective
receptors induced increased PC viability in vitro, and enhanced
expression of the transcription factors XBP-1 and NF-�B, essential
genes in mediating cellular survival or controlling protein synthe-
sis. Thereby, NGF and NT3 show different gene regulating activ-
ities in the case of protein degradation. These findings provide new
insights into the cellular mechanisms that lead to regulation of
survival and Ab production in PC. The appearance of enhanced
expression of IL-6 after NGF stimulation in lung PC implicates
that IL-6 might be also involved in cellular homeostasis. IL-6 is
important in late stages of PC differentiation and regulation of cell
cycle progression (46, 52, 53). In addition, IL-6 is a highly potent
survival factor for bone marrow PC in vitro (10, 12), but it seems
negligible for Ab production in vivo. Thus, further investigations
should address the role of IL-6 in PC survival and its impact on
airway inflammation.

In summary, we could identify the neurotrophins NGF and NT3
as putative survival factors for PC in the allergic airway inflam-
mation. Furthermore, we could demonstrate the influence of TrkA
receptor signaling on airway inflammation and local Ab produc-
tion. Our results support the hypothesis that NGF/TrkA signaling
may influence the survival of PC via regulation of the Ire1/XBP-1
pathway, essential for prevention of apoptosis under conditions of
cellular stress, and thus NGF/TrkA signaling could be involved in
long-term Ab production in chronic inflammation. Identification of
signals to maintain PC survival as well as local Ab production in
inflamed airways could be relevant for a new therapeutic approach
of allergic airway inflammation.
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