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Abstract

Background: Allergen-specific immunoglobulin (Ig) E initi-
ates the effector cascade of allergic asthma and has been
identified as a valuable target for therapeutic treatment of
this disease. The proteasome inhibitor bortezomib was pre-
viously shown to deplete Ig-secreting plasma cells and to
efficiently suppress Ig serum titers. The present study aimed
at evaluating the therapeutic potential of the proteasome
inhibitor bortezomib in allergic bronchial asthma. Methods:
To address this question, a chronic experimental asthma
mouse model was used in a therapeutic setting. Mice were
sensitized to ovalbumin (OVA) and challenged with OVA
aerosol for 12 weeks. After 6 weeks of challenge, bortezomib
treatment was started and continued for 1 week (short-term)
or 6 weeks (long-term) with a dosage of 0.75 mg/kg body
weight twice a week. Lung function, lung histology, Ig serum
titers and plasma cell numbers were assessed. Results:
Whereas short-term treatment lowered bronchoalveolar
lavage eosinophils, long-term treatment considerably re-
duced serum titers of anti-OVA IgE in mice with chronic ex-
perimental asthma. However, neither short-term nor long-

term treatment significantly reduced plasma cell numbers,
anti-OVAIgG1 serum titers or allergic airway inflammation or
ablated airway hyperresponsiveness. Conclusion: Our re-
sults suggest that bortezomib treatment has only limited
value as plasma cell-depleting therapy against allergic bron-

chial asthma. Copyright © 2011 S. Karger AG, Basel

Introduction

Immunoglobulin (Ig) E-mediated cellular reactions
play critical roles in the formation and chronification of
allergic diseases such as bronchial asthma. Inhalation of
the respective aeroallergen leads to cross-linking of IgE-
Fce receptor I complexes on the surface of mast cells in
the airway mucosa. This event leads to the subsequent re-
lease of a plethora of mediators such as histamine and
leukotrienes, which provoke a typical inflammatory reac-
tion in the airway mucosa associated with acute broncho-
obstruction. Following this early-phase response, T help-
er 2 cells and eosinophils infiltrate into the airways, estab-
lishing an allergic immune response [1]. Additionally,
IgE-Fce receptor II cross-linking by allergens mediates
eosinophil effector functions and cytotoxicity [2]. Recur-
rent inhalation of the respective aeroallergen repeatedly
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triggers these cellular reactions, which ultimately leads to
chronification of the inflammatory response in the air-
ways and the development of airway hyperresponsiveness
(AHR), mucus hypersecretion and airway remodeling [3].
Thus, targeting IgE-mediated reactions represents a
promising approach to asthma therapy. The depletion of
plasma cells, which continuously produce allergen-specif-
ic IgE in atopic patients [4], may be such an option.

Bortezomib is a boronic acid derivative that binds to
the proteasome [32-subunit and therefore reversibly in-
hibits proteasome functions [5]. This multienzyme com-
plex plays an essential role in degrading defective, mis-
folded or supernumerous proteins and is further involved
in the regulation of several cellular processes such as
apoptosis and the cell cycle. Therefore, tumor cells such
as myeloma cells, whose survival critically depends on
antiapoptotic cell cycle signals, have been demonstrated
to be very sensitive to bortezomib treatment [6]. Conse-
quently, bortezomib has been introduced as a third-line
therapy in myeloma patients [7]. Recently, a study by Neu-
bert et al. [8] suggested that bortezomib could also be a
treatment option in autoantibody-mediated diseases like
systemic lupus erythematosus (SLE). This study demon-
strated that bortezomib treatment successfully depleted
plasma cells in two mouse strains with lupus-like disease,
NZB/W F1 and MRL/lpr mice, resulting in diminished
autoantibody production, ameliorated glomerulonephri-
tis and prolonged survival [8].

The present study was designed to test the hypothesis
that bortezomib treatment has a beneficial therapeutic
effect on allergic bronchial asthma. We investigated the
effects of bortezomib in a mouse model of chronic ex-
perimental asthma that reflects several characteristics of
human asthma that are not observed in acute asthma
models in mice [9]. The chronic mouse model used in this
study exhibits characteristics of chronicity including
chronic airway inflammation, stable airflow limitation
and airway remodeling; moreover, it has also proven to
be a valuable tool for the examination of the B cell re-
sponse in experimental asthma [9]. In contrast to acute
experimental asthma, which can be induced in the ab-
sence of IgE in mice [10], a close relationship between
chronic airway inflammation and a systemic B cell re-
sponse could be demonstrated in the chronic mouse
model. In this model, asthma pathology is associated
with allergen-specific IgE- and IgG-secreting plasma
cells in spleen, secondary lymphoid organs and lung [11],
and with increased serum titers of allergen-specific Igs,
increased longevity of systemic plasma cells and the for-
mation of plasma cell survival niches in airway tissue [12].
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Hence, in order to be able to evaluate the potential thera-
peutic effect of bortezomib-induced plasma cell deple-
tion on allergic asthma, the use of a model of chronic
asthma is mandatory. In our study, a therapeutic setting
was used with bortezomib treatment starting when the
asthmatic phenotype had already been established, thus
closely resembling clinical conditions. The following out-
come measures were chosen to evaluate the effect of bor-
tezomib on chronic experimental asthma in the mouse:
inflammatory cell counts in bronchoalveolar lavage
(BAL), lung histology, lung function, determination of Ig
serum titers and quantification of plasma cells in spleen.

Material and Methods

Animals

Female, 6- to 8-week-old BALB/c mice (Harlan Winkelmann,
Hannover, Germany) were maintained under specific pathogen-
free conditions and received an ovalbumin (OVA)-free diet and
water ad libitum. All animal studies were performed with the ap-
proval of the local animal ethics committee.

Animal Treatment Protocol

Mice were sensitized to OVA by 3 intraperitoneal injections of
10 g of OVA (OVA grade V1, Sigma, Deisenhofen, Germany) ad-
sorbed to 150 pg of aluminum hydroxide (inject alum, Pierce) on
days 1, 14 and 21. In order to induce chronic allergic airway in-
flammation, mice were exposed to an OVA (OVA grade V, Sigma)
aerosol (1% wt/vol in PBS) twice a week on 2 consecutive days over
a period of 12 weeks, starting on day 26 as previously described
[13]. Bortezomib (Velcade®, Janssen-Cilag, Neuss, Germany)
treatment was initiated after allergic airway inflammation had
already been established on day 60 (fig. 1). Mice received 0.75 mg/
kg body weight (BW) bortezomib dissolved in 100 wl of sterile
PBS intravenously 24 h before the first weekly OVA aerosol chal-
lenge and 24 h after the second challenge until the end of the
study. Short-term treatment consisted of 2 bortezomib injections,
and long-term treatment involved 14 injections. Control animals
were sham sensitized to PBS and subsequently challenged with
OVA aerosol. The placebo control group was treated intravenous-
ly with 100 .l of sterile PBS. All animals were sacrificed by cervi-
cal dislocation under deep anesthesia on day 106. To exclude any
side effects of bortezomib treatment, which have been described
in mice and humans, animals receiving short-term or long-term
treatment were monitored for signs of physical disorders, includ-
ing weight loss, scrubby fur or bleeding. We did not observe such
indications of adverse side effects in any of the experimental
groups studied.

Bronchoalveolar Lavage
BAL was performed as previously described [13].

Lung Histology

Lungs were fixed ex situ with 4% (wt/vol) paraformaldehyde
via the trachea under constant pressure, removed and stored in
4% paraformaldehyde. Lung tissues were embedded in paraffin,
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Fig. 1. Sensitization, challenge and treatment protocol. BALB/c
mice were sensitized to OVA by 3 intraperitoneal (i.p.) injections
of OVA adsorbed to aluminium hydroxide [Al(OH);] and conse-
quently challenged with a 1% OVA aerosol to induce local inflam-
mation in the airways. Control animals (n = 8) received PBS in-
traperitoneally and were similarly challenged. Treatment with

and 3-pm sections were stained with periodic acid-Schiff (PAS)
as described previously [15]. Photomicrographs were recorded by
a digital camera (DP-25, Olympus, Japan) attached to a micro-
scope (BX-51, Olympus, Japan) at 100-fold magnification using
Olympus cellF software.

Assessment of Airway Responsiveness to Methacholine

Airway responsiveness to methacholine (MCh; acetyl-B-
methylcholine chloride, Sigma) was measured on the basis of the
alteration of the midexpiratory airflow in response to gradient
concentrations of inhaled MCh aerosol using head-out body
plethysmography as described previously [16]. The MCh concen-
tration that caused a 50% reduction in baseline midexpiratory
airflow (MChsg) was used as a parameter for airway constriction.

Quantification of Plasma Cells in Spleen by FACS Analysis

Single-cell suspensions of spleens were filtered through a 70-
pm cell strainer (BD Falcon, BD Biosciences, Heidelberg, Ger-
many) and washed twice with PBS/0.5% BSA. Subsequently, cells
were fixed with 2% formaldehyde in PBS. After repeated washing,
cells were resuspended in PBS/0.5% BSA. Unspecific binding of
staining antibodies was blocked by preincubation with rat anti-
mouse CD16/CD32 (5 pg/ml; clone 2.4G2, made in-house) for
5 min on ice. Cells were stained with rat antimouse CD138-phy-
coerythrin (clone 281-2, BD Biosciences), rat antimouse Ig k light
chain-Alexa405 (clone 187.1, made in-house) and rat antimouse
Gr-1-FITC (clone RB6-8C5, made in-house) for 15 min at room
temperature in PBS/0.5% BSA containing 0.5% saponin (Sigma).
After washing, cells were analyzed by flow cytometry (BD LSRII,
BD Biosciences, San Jose, Calif., USA).

Bortezomib as Asthma Therapy

0.75 mg/kg BW bortezomib was performed by intravenous (i.v.)
injections 24 h before the first weekly OVA aerosol challenge and
24 h after the second weekly challenge. Short-term treatment con-
sisted of 2 intravenous injections, and long-term treatment in-
cluded 14 injections (n = 8 in each group). Placebo control animals
(n = 8) received sterile PBS intravenously.

Measurements of OVA-Specific Ig Titers in Serum Samples

A sandwich enzyme-linked immunosorbent assay (ELISA)
was used for OVA-specific Ig measurement in serum, as described
previously [17].

Statistics

Results are presented as mean values = SEM. Unpaired Stu-
dent’s t test (Microsoft Excel) was used to determine the signifi-
cance of differences between animal groups.

Results

Short-Term Bortezomib Treatment Has No

Therapeutic Effect on Chronic Experimental Asthma

Placebo-treated mice revealed a profound allergic in-
flammation of the airways as assessed by BAL fluid and
lung histology (fig. 2A, B). Whereas the numbers of alveo-
lar macrophages in BAL fluid did not show a significant
alteration in comparison with PBS controls, total numbers
of eosinophils were significantly elevated, with average
numbers of 1.88 X 10° cells per BAL (fig. 2A). Neutrophils
and lymphocytes were also present in BAL samples of the
placebo group, although to a much lesser degree than eo-
sinophils (fig. 2A). The same inflammatory pattern was
apparent in lung histology, where an eosinophil-dominat-
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Fig. 2. Effects of short-term bortezomib treatment on experimen-
tal asthma in mice. A Absolute numbers of macrophages, eosino-
phils, neutrophils and lymphocytes in BAL samples from OVA-
sensitized BALB/c mice chronically challenged with aerosolized
OVA and given short-term intravenous treatment with either PBS
(placebo; n = 8) or 0.75 mg/ml bortezomib (n = 8) as described in
Material and Methods. Control (PBS; n = 8) animals were sensi-
tized, challenged and treated with PBS. B Lung histology from

ed infiltrate could be observed along the entire airway
tree, which was further associated with a distinctive goblet
cell metaplasia (fig. 2B). Short-term treatment with 0.75
mg/kg BW bortezomib resulted in an almost 50% reduc-
tion in eosinophils, while the numbers of neutrophils and
lymphocytes in BAL remained unchanged. A significant
effect on leukocyte accumulation in airway tissues or gob-
let cell metaplasia could not be observed (fig. 2A, B).

In placebo-treated mice, allergic airway inflammation
was further accompanied by the development of AHR, as
demonstrated by an average MChsy of 22.2 mg/ml as
compared with 61.1 mg/ml in the PBS control group
(fig. 2C). The bortezomib-treated group showed a 50%
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BALB/c mice. Representative photomicrographs of PAS-stained
airway cross-sections derived from paraffin-embedded whole
lung sections are presented. C Airway reactivity to MCh. Airway
constriction was measured as described in Material and Methods
and expressed as MChs. Data are presented as means * SEM.
* p <0.05, *** p < 0.001: significant difference versus the control
group. n.s. = Not significant.

reduction in the MChs, at MCh concentrations of 18.4
mg/ml, demonstrating no therapeutic effect of the treat-
ment on AHR. In conclusion, while bortezomib treat-
ment resulted in a significant reduction of the eosinophil
influx into the bronchoalveolar lumen, it had no effect on
airway responsiveness.

Short-Term Bortezomib Treatment Reduces

Allergen-Specific IgE but neither Production of

Allergen-Specific IgG nor Plasma Cell Numbers

in Spleen

Whereas OVA-specific antibodies were not detectable
in PBS control mice, OVA sensitization and chronic OVA
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Fig. 3. Effects of short-term bortezomib treatment on serum titers
of OVA-specific Igs. Anti-OVA Ig serum titers of OVA-sensitized
BALB/c mice chronically challenged with aerosolized OVA and
given short-term intravenous treatment with either PBS (placebo;
n = 8) or 0.75 mg/ml bortezomib (n = 8) as described in Material
and Methods were measured. Control (PBS; n = 8) animals were

aerosol challenge in placebo-treated mice resulted in high
titers of anti-OVA IgE, IgG1 and IgG. In mice receiving
short-term bortezomib treatment, no reduction of any of
these titers could be observed (fig. 3).

Since bortezomib targets plasma cells by inhibiting the
proteasome complex, which leads to apoptosis of the re-
spective cells, plasma cell frequencies and numbers in
spleen (fig. 4A, B) and bone marrow (fig. 4C, D) were de-
termined by flow cytometry. In placebo-treated animals,
the frequency and number of plasma cells in bone mar-
row was significantly increased. However, short-term
bortezomib treatment did not lead to a significant reduc-
tion of plasma cell frequency or number in bone marrow
or spleen (fig. 4).

Long-Term Bortezomib Treatment Has No Significant

Therapeutic Effect on Chronic Experimental Asthma

In mice undergoing long-term placebo treatment,
chronic experimental asthma was characterized by
marked inflammation of the airways that predominantly
consisted of eosinophils, as demonstrated by high cell
numbers in BAL fluid. Additionally, lymphocytes and
neutrophils could be detected in BAL fluid, although to
a much lesser degree (fig. 5A). A similar leukocytic infil-
trate could be observed in airway tissues, which was fur-
ther associated with a distinct goblet cell metaplasia as
assessed in PAS-stained lung sections (fig. 5B). Long-
term bortezomib treatment had no significant effect on

Bortezomib as Asthma Therapy

sensitized, challenged and treated with PBS. Serum titers of anti-
OVA IgE (A), anti-OVA IgGl (B) and anti-OVA IgG (C) were de-
termined by ELISA. Data are presented as means = SEM. *** p <
0.001: significant difference versus the placebo group. n.s. = Not
significant.

the infiltration of eosinophils, neutrophils or lympho-
cytes into airway tissue or the bronchoalveolar lumen. A
reduction of goblet cell metaplasia could not be detected.

In comparison to healthy mice, long-term placebo-
treated mice further revealed pronounced AHR, as dem-
onstrated by an average MChs, of 30.5 mg/ml (MChs,
of the PBS group: 85.9 mg/ml). Long-term bortezomib-
treated animals showed an MChs, of 27.4 mg/ml, demon-
strating no therapeutic effect on airway responsiveness
(fig. 5C).

Long-Term Bortezomib Treatment Reduces
Allergen-Specific IgE but neither Production of
Allergen-Specific IgG nor Plasma Cell Numbers

in Spleen

Animals with experimental asthma undergoing long-
term placebo treatment also displayed high titers of anti-
OVA IgE, IgGl and IgG, while in healthy controls, OVA-
specific antibodies were not detectable. In contrast, long-
term bortezomib treatment lowered anti-OVA IgE titers
to one fifth of the level in placebo-treated mice but did
not significantly reduce titers of anti-OVA IgGl or total
IgG (fig. 6).

High serum titers of OVA-specific Igs were further as-
sociated with significantly increased frequency of plasma
cells in the spleen as detected by staining against CD138
and intracellular Ig k chain (fig. 7). An increased plasma
cell frequency in spleen could also be observed in animals
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that received long-term bortezomib treatment. Interest-
ingly, the bortezomib-treated group even revealed a
slightly albeit not significantly increased frequency and
total number of plasma cells as compared with the pla-
cebo group. However, placebo-treated animals showed
only a minute and insignificant increase in plasma cell
numbers as compared with the PBS control group, while
bortezomib-treated mice revealed a nearly 3-fold in-
crease.

Discussion

The present study aimed to evaluate the therapeutic
potential of the proteasome inhibitor bortezomib in al-
lergic bronchial asthma. Bortezomib treatment was as-
sessed in a mouse model of chronic experimental asthma,
which mimics human asthma more closely than the
widely used acute murine asthma models [18]. Moreover,
a therapeutic setting was chosen, with long-term borte-

48 Int Arch Allergy Immunol 2012;158:43-53

zomib treatment being initiated 4 weeks after the onset
of allergen challenges. Neither the short-term nor the
long-term bortezomib treatment significantly reduced
any of the characteristic features of asthma, including
AHR, in this experimental model. Titers of OVA-specific
IgE were significantly decreased in bortezomib-treated
animals, whereas reductions in OVA-specific IgGl and
OVA-specific IgG titers did not reach statistical signifi-
cance. Furthermore, the frequency and total numbers of
plasma cells in spleen did not show any decrease as com-
pared with the placebo-treated group.

Blocking the proteasome stabilizes many cell cycle-
inhibitory proteins and inhibits the antiapoptotic tran-
scription factor nuclear factor-kB, leading to cell cycle
arrest and apoptosis [19]. Additionally, another mecha-
nism leads to exceptional sensitivity to proteasome inhi-
bition in myeloma cells. Extensive Ig synthesis as ob-
served in myeloma cells is compulsorily associated with
the production of unfolded protein, inclusive of defective
ribosomal products. Inhibition of the proteasome leads to
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Fig. 5. Effects of long-term bortezomib treatment on experimen-
tal asthma in mice. A Absolute numbers of macrophages, eosino-
phils, neutrophils and lymphocytes in BAL samples from OVA-
sensitized BALB/c mice chronically challenged with aerosolized
OVA and given long-term intravenous treatment with either PBS
(placebo; n = 8) or 0.75 mg/ml bortezomib (n = 8) as described in
Material and Methods. Control (PBS; n = 8) animals were sensi-
tized, challenged and treated with PBS. B Lung histology from

accumulation of unfolded proteins in the endoplasmic re-
ticulum and cytoplasm, which induces proapoptotic sig-
nals and reduces the survival signal Bcl-2, ultimately
leading to apoptosis of the respective cells [6]. This obser-
vation led to the question of whether bortezomib could
be a treatment option in diseases arising from pathologic
antibody production such as systemic SLE, rheumatoid
arthritis and asthma [4, 20].

The results of the present study clearly demonstrate
that short-term as well as long-term treatment with a high
dose of 0.75 mg/kg BW bortezomib are not sufficient to
ablate the strong humoral immune response characteris-
tic of the chronic murine asthma model. While short-
term treatment did not show any significant effects on the

Bortezomib as Asthma Therapy

BALB/c mice. Representative photomicrographs of PAS-stained
airway cross-sections derived from paraffin-embedded whole
lung sections are presented. C Airway reactivity to MCh. Airway
constriction was measured as described in Material and Methods
and expressed as MChs,. Data are presented as means * SEM.
**p <0.01, *** p < 0.001: significant difference versus the control
group. n.s. = Not significant.

production of OVA-specific Igs, long-term bortezomib
treatment resulted in a significant reduction of OVA-spe-
cific IgE serum titers. This demonstrates that bortezomib
actually had an effect in this model, although plasma cell
frequencies in spleen and OVA-specific IgG or IgGl titers
could not be reduced. One could speculate that bortezo-
mib depleted plasma cells, as has been shown in other
models, but that this effect was negated by continuous
formation of new plasma cells in response to the chronic
OVA challenge. Such temporary plasma cell depletion
would have a much more pronounced effect on IgE than
on IgG levels, because serum IgE has a much shorter half-
life than IgG, i.e. 12 h compared to about 1 week [21].
Therefore, when Ig-secreting plasma cells are depleted by

Int Arch Allergy Immunol 2012;158:43-53 49
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Fig. 6. Effects of long-term bortezomib treatment on serum titers
of OVA-specific Igs. Anti-OVA Ig serum titers of OVA-sensitized
BALB/c mice chronically challenged with aerosolized OVA and
given long-term intravenous treatment with either PBS (placebo;
n = 8) or 0.75 mg/ml bortezomib (n = 8) as described in Material
and Methods were measured. Control (PBS; n = 8) animals were

sensitized, challenged and treated with PBS. Serum titers of anti-
OVA IgE (A), anti-OVA IgGl (B) and anti-OVA IgG (C) were de-
termined by ELISA. Data are presented as means + SEM. *** p <
0.001: significant difference versus the placebo group. n.s. = Not
significant.

Fig. 7. Effects of short-term bortezomib
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sensitized BALB/c mice chronically chal-
lenged with aerosolized OVA and given
short-term intravenous treatment with ei-
ther PBS (placebo; n = 8) or 0.75 mg/ml
bortezomib (n = 8) were assessed by FACS
analysis as described in Material and
Methods. Control (PBS; n = 8) animals
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bortezomib treatment, the existing IgE titer drops imme-
diately, while IgG titers would drop only with time. This
difference between IgE and IgG is critical when the re-
sults are considered in the context of bortezomib phar-
macology and the time points of serum titer measure-
ment. The mean elimination half-life of bortezomib in
humans has been estimated to be 9-15 h, with protea-
some inhibition peaking 24 h after application [22]. Thus,
it is reasonable to assume that at the time point of analy-
sis, e.g. 24 h after bortezomib application, the protea-

50 Int Arch Allergy Immunol 2012;158:43-53

some-inhibitory effect of bortezomib led to decreased se-
rum titers of anti-OVA IgE but not IgG. Since in mice, in
contrast to humans, IgGl is also able to mediate mast cell
degranulation after allergen contact [23], the subsequent
inflammatory reactions that ultimately lead to formation
of the asthmatic phenotype are not ablated. In conclu-
sion, in accordance with previous observations, the data
presented here indicate that bortezomib can reduce
pathogenic antibodies. However, due its short-lived effect
it may not be very effective in human allergic asthma,
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where allergen exposure could be very frequent, as mim-
icked by the mouse model used in the present study.

In murine models of SLE and rheumatoid arthritis,
bortezomib treatment suppressed the production of
pathogenic IgG antibodies and attenuated the respective
disease pattern [8, 24]. In the present study, bortezomib-
treated mice exhibited a considerable reduction in aller-
gen-specific IgE titers but showed no reduction of IgG-
positive plasma cells in spleen or allergen-specific IgG
titers. Consequently, bortezomib did not affect the asth-
matic phenotype. Since in all three therapeutic studies of
bortezomib previously carried out in mice, the applied
dosage of bortezomib was in a comparable range (be-
tween 0.75 and 1 mg/kg BW), the different outcome in
our study is unlikely to be an issue of dosage. Long-term
treatment with a dose of more than 0.75 mg/kg BW has
so far not been carried out in animals, because of poten-
tial toxic side effects as have already been described in
numerous studies in patients as well as in animals [25,
26]. In turn, the poor effect of bortezomib observed in the
present study may be explained by differences in the
pathogenetic mechanisms that are active in the different
disease models used. The model of collagen-induced ar-
thritis utilized by Lee et al. [24] triggers a systemic im-
mune response by means of 2 intradermal injections of
bovine type II collagen emulsified in complete Freund’s
adjuvant. In the course of the subsequent protocol, the
animals do not receive any further exogenous antigen
trigger. Neubert et al. [8] used the NZB/W F1 and MRL/
lpr mouse models, which spontaneously develop lupus-
like disease. In both cases, female mice exhibit produc-
tion of autoimmune IgG against nuclear antigens that in-
creases over time, ultimately leading to severe immune
complex-mediated glomerulonephritis and lethal renal
failure in virtually all animals by 12 months of age [25].
Exogenous antigen exposure is not used in these models
to further trigger the autoimmune response. Interesting-
ly, IgG autoantibodies (anti-DNA) are completely sup-
pressed by bortezomib treatment in lupus mouse models,
whereas total IgG is reduced to only about 50% and
quickly rises again after bortezomib treatment [8]. In
contrast to the above-mentioned models, in the present
study a mouse model of chronic experimental asthma
was used in which the phenotype is achieved by repeti-
tive, daily, long-term antigen exposure to the model al-
lergen OVA [9]. Because such a treatment mimics the re-
peated allergen contact typical of asthmatic patients sen-
sitized to airborne allergens, such models have already
been proven to be a valuable tool for the assessment of
new therapeutic strategies in asthma [13, 26-28]. This
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model closely reflects the hallmarks of human bronchial
asthma, including chronic allergic airway inflammation,
mucus hypersecretion, development of AHR, chronic
airflow limitation and airway remodeling [9]. By reflect-
ing chronic aspects of the human disease, this model is
superior to the ‘classic’ OVA model, which utilized only
short-term allergen exposure and is still the subject of
lively discussion with regard to modeling asthma in mice
[29]. Typical for the chronic model used in our study is a
close relationship between the allergen-triggered local in-
flammatory reaction and the systemic humoral immune
response. In a previous study, we could demonstrate that
chronic allergen exposure results in increased numbers
of long-lived plasma cells in secondary lymphoid organs,
producing allergen-specific IgE and IgGl [11]. Further-
more, upon chronic allergen exposure, inflamed airway
tissues created survival niches for plasma cells, leading to
alocal humoral immune response [12]. Thus, chronic al-
lergen exposure via the airway tract elicits a humoral im-
mune response in this model which is likely to be differ-
ent from the one seen in mouse models of human SLE and
collagen-induced arthritis. Hence, different effects of
bortezomib in these models are not unlikely.

We observed that short-term bortezomib treatment
significantly reduced eosinophil numbers in BAL fluid.
Whether this effect is due to direct effects of bortezomib
on eosinophils or an indirect effect, e.g. on eosinophil re-
cruitment, remains elusive, especially since the reduction
is only gradual and not associated with an improved asth-
matic phenotype in mice. However, long-term bortezo-
mib treatment with the same dosage did not decrease the
numbers of eosinophils in BAL fluid.

The failure to reduce plasma cells in spleen in the pres-
ent study appears not to be an issue of administration
route, since bortezomib was applied systemically, but
could be due to mechanisms of resistance developed dur-
ing long-term treatment. In a clinical phase II trial with
202 multiple myeloma patients, Richardson et al. [31] re-
ported that only 35% of the cohort responded to bortezo-
mib treatment, with 10% achieving complete remission,
whereas 65% did not show any response. This observa-
tion suggested that myeloma cells develop mechanisms of
resistance to bortezomib treatment. In an in vitro study,
Oerlemans et al. [32] demonstrated that the proteasome
subunit 35 (PSMB5) plays a critical role in the develop-
ment of resistance to bortezomib treatment. Both overex-
pression of the PSMB5 gene and an Ala49Thr mutation
residing in a highly conserved bortezomib-binding pock-
et of PSMB5 provided protection against proteasome in-
hibition [32]. Since this study was carried out in human
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cells, its transferability to the murine system is limited,
but it does indicate the possibility of resistance develop-
ment. Different mouse strains are likely to exhibit indi-
vidual kinetics for the development of resistance to long-
term treatment, thus offering an additional option to ex-
plain the differential efficiency of bortezomib in distinct
experimental disease models.

In conclusion, long-term bortezomib treatment suc-
cessfully reduced OVA-specific IgE titers in mice with
established chronic experimental asthma. However, plas-
ma cell numbers in spleen and in particular OVA-specif-
ic IgGl titers remained largely unchanged. Therefore, the
subsequent inflammatory cascade leading to the forma-
tion of experimental asthma, which depends on IgGl1 and

mast cells, remained unaffected. Because the chronicity
and frequency of allergen exposure in the studied model
closely resembles the conditions of severe asthma pa-
tients, our results suggest that bortezomib treatment has
only limited value as a therapy against allergic bronchial
asthma.
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