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Key features of asthma include bronchial hyperresponsiveness (BHR),
eosinophilic airway inflammation, and bronchial remodeling, character-
ized by subepithelial collagen deposition, airway fibrosis, and increased
bronchial smooth muscle (BSM) mass. The calcium-activated K* channel
Kca3.1 is expressed by many cells implicated in the pathogenesis of
asthma, and is involved in both inflammatory and remodeling responses
in a number of tissues. The specific Kc,3.1 blocker 5-[(2-chlorophenyl)
(diphenyl)methyl]-1H-pyrazole (TRAM-34) attenuates BSM cell prolifer-
ation, and both mast cell and fibrocyte recruitment in vitro. We aimed to
examine the effects of Kc,3.1 blockade on BSM remodeling, airway in-
flammation, and BHR in a murine model of chronic asthma. BALB/c mice
were sensitized with intraperitoneal ovalbumin (OVA) on Days 0 and 14,
and then challenged with intranasal OVA during Days 14-75. OVA-
sensitized/challenged mice received TRAM-34 (120 mg/kg/day, subcu-
taneous) from Days —7 to 75 (combined treatment), Days —7 to 20
(preventive treatment), or Days 21 to 75 (curative treatment). Untreated
mice received daily injections of vehicle (n = 8 per group). Bronchial
remodeling was assessed by histological and immunohistochemical
analyses. Inflammation was evaluated using bronchoalveolar lavage
and flow cytometry. We also determined BHR in both conscious and
anesthetized mice via plethysmography. We demonstrated that cu-
rative treatment with TRAM-34 abolishes BSM remodeling and sub-
basement collagen deposition, and attenuates airway eosinophilia.
Although curative treatment alone did not significantly reduce BHR,
the combined treatment attenuated nonspecific BHR to methacho-
line. This study indicates that Kc,3.1 blockade could provide a new
therapeutic strategy in asthma.
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CLINICAL RELEVANCE

The calcium-activated K* channel K,3.1 is implicated in
asthma pathogenesis. However, the effects of K,3.1 block-
ade on both inflammatory and remodeling processes has not
been explored so far in a murine model of chronic asthma.
This study reports that curative treatment with the K,3.1
blocker 5-[(2-chlorophenyl)(diphenyl)methyl]-1H-pyrazole
(TRAM-34) abolishes bronchial smooth muscle remodeling
and subbasement collagen deposition, and attenuates airway
eosinophilia in a murine model of chronic asthma. Moreover,
the combination of both preventive and curative treatment
reduced nonspecific bronchial hyperresponsiveness to meth-
acholine. Blocking K¢,3.1 has great potential in the treat-
ment of chronic asthma by preventing the increased mass of
bronchial smooth muscle associated with airway remodeling.

Keywords: asthma; Kc,3.1; ion channel; remodeling; smooth muscle

Asthma is a chronic airway disease characterized by bronchial
hyperresponsiveness (BHR), persistent airway inflammation,
and remodeling (1, 2). Bronchial remodeling comprises abnormal
airway epithelium, subepithelial collagen deposition, extracellu-
lar matrix deposition, neoangiogenesis, mucus gland hypertrophy,
and an increased bronchial smooth muscle (BSM) mass (3). It
likely contributes to the development of fixed airflow obstruction,
which occurs in many patients with longstanding disease (4, 5),
and current treatments such as inhaled and oral corticosteroids
appear ineffective at preventing or reversing this feature of
asthma (6). At a cellular level, BSM cells can orchestrate
chronic inflammation through the production of chemotactic
factors, and may themselves contribute to the development of
remodeling through the promotion of inflammation and the secre-
tion of profibrotic and mitogenic growth factors (7). For example,
BSM-derived cytokines/chemokines induce the recruitment of
T lymphocytes and mast cells that infiltrate and adhere to the
BSM (8-14), which may in turn promote BSM dysfunction (15).
More recently, an increased proliferation of asthmatic BSM cells
has been demonstrated ex vivo (16). This increased proliferative
potential persists in vitro (17), and is triggered, at least in part, by
altered calcium homeostasis (18, 19), leading to a high level of
mitochondrial biogenesis (18). Because corticosteroids remain to-
tally ineffective at decreasing BSM proliferation and mass (6),
targeting BSM cells represents an interesting strategy to prevent
and treat bronchial remodeling in asthma.

K™ channels control plasma membrane potential in several
cell types, including BSM cells, (20, 21) and thus modulate Ca**
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signaling. Among the three major families of human Ca"-acti-
vated K* channels (Kc,), the intermediate-conductance K¢,3.1
is of particular interest in bronchial remodeling (22) because it
is expressed in epithelial cells (23, 24), fibroblasts (25), human
lung mast cells (26), asthmatic BSM cells (27), and fibrocytes
(28). Moreover, K¢,3.1 plays a role in a variety of cell functions
relevant to asthma (29), including proliferation, cell activation,
and chemotaxis (22). For example, functional K¢,3.1 channels
regulate BSM proliferation (27), and the specific K¢,3.1 blockers
TRAM-34 and ICA-17043 (senecapoc; Icagen, Durham, NC)
markedly attenuate human lung mast cell (30) and human fibro-
cyte migration (28) in response to numerous stimuli, including
cytokines/chemokines present in BSM supernatants (28). How-
ever, the potential effects of K¢,3.1 blockade on BSM remodel-
ing, as well as BHR and airway inflammation, remain to be
confirmed in vivo. Thus, this study sought to examine the effects
of the K¢,3.1 blocker 5-[(2-chlorophenyl)(diphenyl)methyl]-1H-
pyrazole (TRAM-34) on key features of asthma pathophysiology
in a murine model of chronic asthma.

MATERIALS AND METHODS
Chronic Model of Murine Asthma

Female BALB/c mice (Elevage Janvier, Le Genest Saint Isle, France)
were sensitized with an intraperitoneal injection of 100 pg ovalbumin
(OVA; Sigma-Aldrich, Saint-Quentin-Fallavier, France) in NaCl 0.9%
(B. Braun Medical, Boulogne Billancourt, France), without aluminum
hydroxide, on Days 0 and 14 (31). Anesthetized mice received intranasal
OVA periodically on Days 14 to 75 (31, 32). The control group received
NaCl 0.9% intraperitoneally on Days 0 and 14, and intranasally on Days
14 to 75. The Institutional Animal Ethics Committee (Bordeaux Uni-
versity, Bordeaux, France) approved all animal use procedures.

Study Design

TRAM-34 (33) was dissolved in neutral oil (Miglyol-812; Caesar and
Loretz GmbH, Hilden, Germany) and administered once daily sub-
cutaneously at 120 mg/kg/day. Four groups of OV A-sensitized and
challenged mice (OVA mice) received daily injections of either (7)
Miglyol-812 from Days —7 to 75 (untreated group); (2) TRAM-34 from
Days —7 to 75 (i.e., before intraperitoneal sensitization and during
nasal challenge; the combined treatment group); (3) TRAM-34 before
and during intraperitoneal sensitization (Days —7 to 20) and Miglyol-
812 during nasal challenge (Days 21-75; the preventive treatment
group); or (4) Miglyol-812 before and during intraperitoneal sensitiza-
tion (Days —7 to 20) and TRAM-34 during nasal challenge (Days 21—
75; the curative treatment group).

Determination of Bronchial Hyperresponsiveness

Nonspecific BHR to methacholine (Sigma-Aldrich) was measured in both
unrestrained, conscious mice by single-chamber plethysmography on Days
0,20, and 76, and in anesthetized mice by invasive plethysmography (Emka
Technologies, Paris, France) on Day 80. Enhanced pause (Penh) and lung
resistance (Rs) were expressed as a ratio of values measured in response to
methacholine to those with normal saline. Specific BHR to OVA was mea-
sured 4 hours after intranasal OVA challenge on Days 28 and 74.

Tissue Sampling

Peripheral blood was recovered on Day 78 by retro-orbital bleeding.
Bronchoalveolar lavage (BAL), bone marrow, lung digest cells, and
liver tissue were collected on Day 80 (see the online supplement for
details).

ELISA

BAL fluid concentrations of IL-4, IL-13, and activated TGF-B1 were
determined by ELISA (R&D Systems, Lille, France).
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Histological and Immunohistochemical Analyses

Paraffin-embedded sections were stained with hematoxylin-eosin-safran
or Masson trichrome. Immunohistochemistry was processed using an
anti-mouse a-smooth muscle actin (Sigma-Aldrich) and anti-mouse
CD31 (BMA Biomedicals, Augst, Switzerland). Several quantitative
parameters were assessed using Quancoul (Quant’Image, Bordeaux,
France) software: wall area, BSM area, subbasement membrane thick-
ness (BMT), basement membrane length (BML), peribronchial fibrosis
(PBF), and the number of nucleated cells within the peribronchial
space (see the online supplement for details).

Flow Cytometry

Cells were stained using antibodies directed against CD3-g, CD4, CD8a,
CD90.2, CD117 (c-kit), CD49b/Pan-NK cells (all from BD Biosciences—
Pharmingen, Le Pont de Claix, France), CD25 (eBioscience, Paris, France),
and Foxp3 (eBioscience) (see the online supplement for details).

Statistical Analysis

Values are expressed as the mean = SEM. The data were analyzed using
NCSS 2001 software (NCSS Statistical Software, Kaysville, UT) with the
Mann-Whitney test. Multiple comparisons were performed by means of
Kruskal-Wallis ANOVA, with the use of multiple-comparisons z-tests.
P < 0.05 was considered statistically significant.

RESULTS

Characterization of the Chronic Model of Murine Asthma

Nonspecific BHR in response to nebulized methacholine was
assessed using both noninvasive and invasive plethysmography
(Figure 1). We first checked the absence of spontaneous BHR
in mice on Day 0 (Figure 1A). Six days after the first intranasal
challenge (Day 20), the Penh ratio was already significantly
increased in OV A-challenged mice, compared with that of
saline-challenged mice (P < 0.001; Figure 1B). OV A-challenged
animals maintained BHR to methacholine on Day 76, 24 hours after
the last intranasal challenge (P < 0.001 versus the control group;
Figure 1C). Similar results were obtained using invasive plethysmog-
raphy on Day 80 (P < 0.01, OVA versus saline; Figure 1D).

We also assessed airway inflammation, using both BAL fluid and
cells obtained from digested lungs. To determine the onset of inflam-
matory leukocyte influx into the lung, BAL was performed in two
sets of experiments on Day 20 (see Figures E1A, E1C, and E1E in
the online supplement) or on Day 80 (see Figures E1B, E1D, and
EI1F). The total number of cells was unchanged in the BAL fluid
from OVA-challenged mice on Day 20 (Figure E1A), but was
significantly increased on Day 80, with a 3.5-fold higher value com-
pared with control mice (P < 0.01; see Figure E1B). This finding on
Day 80 was confirmed with a significant increase in the total num-
ber of lung cells (Figure E2A). However, on both Day 20 and Day
80, percentages of both eosinophils and lymphocytes were increased
in OVA-challenged mice, compared with saline-exposed animals
(Figures E1C-E1F). Moreover, the number of CD4* T lymphocytes
was increased within the lungs of OV A-challenged mice (Figure
E2B), resulting in a higher CD4/CDS8 ratio on Day 80 compared
with that of control mice (Figure E2C).

We then assessed bronchial remodeling, using morphometric
analyses of bronchial slices obtained on Day 20 or on Day 80. As ex-
pected, no features of bronchial remodeling on Day 20 were evident
(data not shown). However, OV A-challenged mice exhibited struc-
tural features associated with airway remodeling on Day 80 (Figure
2A) compared with control mice (Figure 2B), including a significant
increase in subbasement membrane thickness (Figure 2C), normal-
ized BSM area (Figure 2D), and peribronchial fibrosis (Figure 2E).

Finally, endothelial cell staining with anti-CD31 antibody did
not indicate any neoangiogenesis in OV A-challenged mice, com-
pared with control mice (Figure E3).
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Figure 1. Chronic airway exposure of mice to ovalbumin (OVA) in-
creased the bronchial contractile response to methacholine. BALB/c
mice received either OVA (solid bars) or normal saline (open bars).
Bronchial hyperresponsiveness (BHR) to methacholine was determined
in both unrestrained conscious mice by single-chamber plethysmogra-
phy (A-C) and anesthetized mice by invasive plethysmography (D).
Both the enhanced pause parameter (Penh) and lung resistance (Rs)
were measured and averaged for 3 minutes, 30 seconds after nebulized
methacholine (8 mg/ml). Penh measurements were performed on
Days 0 (A, n = 29), 20 (B, n = 14), and 76 (C, n = 29), and expressed
as a ratio of Penh measured in response to methacholine to that with
normal saline. Lung Rs measurements were performed on Day 80 (D,
n =9), and expressed as a ratio of Rs measured in response to meth-
acholine to that with normal saline. Data represent the mean = SEM.
*P < 0.05, according to the Mann-Whitney test.

Kca3.1 Blockade Attenuated Nonspecific BHR

We first tested whether TR AM-34 exerts any effect on nonspecific
and specific BHR in this model of chronic allergic asthma. Pre-
treatment with either Miglyol-812 (vehicle) or TRAM-34 from
Day —7 to Day 0 did not affect lung function assessed before
the first intraperitoneal injection of OVA (Figure 3A). The
combined treatment with TRAM-34, administered during both
the sensitization and the challenge phases, induced a significant
inhibition of BHR to methacholine on Day 76 (Figure 3B). Con-
versely, preventive or curative treatment with TRAM-34 did not
alter nonspecific BHR. Moreover, specific BHR to OVA was
not altered by TRAM-34, whatever the administration protocol
(data not shown).

Kca3.1 Blockade Attenuates Eosinophilic Inflammation
and Th2 Cytokine Production

We next examined the role of Kc,3.1 blockade on the recruitment
of inflammatory cells within the lung. The combined treatment
with TRAM-34 during both the sensitization and the challenge
phases significantly decreased the total cell count and the percent-
age of eosinophils in the BAL fluid collected on Day 80 (Figures
4A and 4B), although both remained higher than in control mice
(Figures E1B and E1D). Moreover, percentages of lymphocytes
(Figure 4C), neutrophils, and macrophages (data not shown) were
not significantly altered in the BAL fluid. Furthermore, the com-
bined treatment with TRAM-34 did not alter the total cell number
(Figure 4D), the absolute numbers of CD4" T lymphocytes (Figure
4E), natural killer T (NKT) cells (data not shown), and regulatory
T cells (Tregs) (data not shown), or the CD4/CD8 ratio (Figure 4F)
within the digested lung.

When TRAM-34 was administered preventively during the sen-
sitization phase only, no significant changes were evident in any in-
flammatory parameter assessed in the BAL fluid or in the digested
lung tissue (Figures 4A—4F). When TRAM-34 was administered
curatively during the challenge phase only, the total cell number
and the percentage of lymphocytes were unchanged in the BAL
fluid (Figures 4A and 4C). However, we again observed a signifi-
cant decrease in the percentage of eosinophils (Figure 4B). These
treatments did not alter total cell or T-cell parameters in digested
lung tissue (Figures 4D—4F).

In addition, TRAM-34 did not change any inflammatory pa-
rameters assessed on Day 80 by lung histology (i.e., bronchial wall
surface normalized to BML, peribronchovascular space area, and
number of nucleated cells within the peribronchial space; data not
shown). Likewise, blood T lymphocyte, bone marrow progenitor
(CD90"CD1177), and lung mast cell expression remained un-
changed in all TRAM-34 treatment groups (data not shown).

Significant concentrations of IL-4, IL-13, and activated TGF-
B1 were found in the BAL fluid of OV A-sensitized/challenged
mice compared with the saline control group (54.4 + 8.9 pg/ml
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Figure 2. Chronic airway exposure of mice to OVA reproduced bronchial
remodeling. Representative sections of bronchial tissue were obtained
from control mice (A) and OVA-sensitized/challenged mice (B). Sections
were stained with hematoxylin-eosin-safran (HES). Scale bars represent
50 pm (X100 magnification). Quantitative parameters were assessed on
Day 80, using Quancoul software (Quant’Image, Bordeaux, France) on
lung slices stained with HES (C), a-smooth muscle actin (D), or Masson
trichrome (E) at X100 magnification. BALB/c mice received either OVA
(solid bars, n = 15) or normal saline (open bars, n = 15). The subbase-
ment membrane thickness (BMT), the bronchial smooth muscle area/
basement membrane length ratio (BSMA/BML), and the peribronchial
fibrosis/basement membrane length ratio (PBF/BML) were significantly
higher in asthmatic mice than in control mice. Data represent the
mean * SEM. *P < 0.05, according to the Mann-Whitney test.
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Figure 3. Effects of 5-[(2-chlorophenyl)(diphenyl)methyl]-1H-pyrazole
(TRAM-34) on bronchial hyperresponsiveness to methacholine. OVA-
sensitized/challenged mice received daily subcutaneous injections
of TRAM-34 or its vehicle Miglyol-812 from Day —7 to Day 75. Penh
measurements were performed on Days 0 (A) and 76 (B), and ex-
pressed as a ratio of Penh measured in response to methacholine to
that with normal saline. OVA mice received Miglyol-812 from Day
—7 to Day 75 (untreated group, solid bars), or TRAM-34 from Day
—7 to Day 75 (combined treatment, hatched bars), TRAM-34 from
Day —7 to Day 20, and Miglyol-812 from Days 21-75 (preventive
treatment, dark gray bars), or Miglyol-812 from Day —7 to Day 20
and TRAM-34 from Days 21-75 (curative treatment, light gray bars)
(n = 8 per group). Data represent the mean = the SEM. *P < 0.05
between populations within an experimental condition, using the
Kruskal-Wallis test along with the multiple-comparisons z-test.

versus 20.7 + 8.7 pg/ml, 34.5 = 9.9 pg/ml versus 0 = 0 pg/ml, and
410.4 = 88.1 pg/ml versus 0 * 0 pg/ml, respectively; P < 0.05).
Significant reductions of 89.0% and 58.0% in BAL fluid concen-
trations of IL-4 and IL-13, respectively, were seen in OVA mice
treated with TRAM-34 from Day —7 to Day 75, compared with
untreated OVA mice (Figures SA and 5B). Moreover, when
TRAM-34 was administered curatively during the challenge
phase only, the concentration of IL-4 was also significantly
reduced. Conversely, TRAM-34 did not induce a significant
decrease in BAL fluid TGF-B1 concentrations (Figure 5C).

Kca3.1 Channel Blockade Abolishes Bronchial Remodeling

We then determined the effects of the pharmacological inhibi-
tion of K,3.1 channels on bronchial remodeling. Compared with
control mice (Figures 6A and 6B), untreated OV A-sensitized/
challenged mice (Figures 6C and 6D) exhibited characteristics
of bronchial remodeling, which were abolished in mice treated
with TRAM-34 from Day —7 to Day 75 (Figures 6E and 6F).
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Indeed, the combined treatment with TRAM-34, administered
during both the sensitization and challenge phases, significantly
reduced subbasement membrane thickness (Figure 7A) and
normalized both BSM area (Figure 7B) and bronchial collagen
deposition/fibrosis (Figure 7C) in “asthmatic” mice on Day 80,
compared with untreated animals. All these parameters reached
the levels assessed in control mice (Figure 2).

Preventive treatment with TRAM-34 moderately reduced
subbasement membrane thickness (Figure 7A), but did not
change normalized BSM area (Figure 7B) or bronchial collagen
deposition/fibrosis (Figure 7C). Interestingly, curative treatment
with TRAM-34, administered during the challenge phase only,
significantly reduced both subbasement membrane thickness
(Figure 7A) and normalized BSM area (Figure 7B) to the levels
of those assessed in control mice (Figure 2).

Safety of the Kc,3.1 Blockade Approach

As previously reported (34), the histology of liver sections revealed
no damage induced by the chronic administration of TRAM-34 or
its vehicle (Figure E4).

DISCUSSION

In this study, we demonstrate for the first time that curative treat-
ment with the specific Kc,3.1 blocker TRAM-34 abolishes BSM
remodeling and subbasement collagen deposition, and attenu-
ates airway eosinophilia in a murine model of chronic asthma.
Curative treatment alone did not significantly reduce BHR, but
the combination of both preventive and curative treatment at-
tenuated nonspecific BHR to methacholine.

We purposefully chose an animal model able to reflect human
asthma as accurately as possible. Indeed, we found that OVA-
exposed mice expressed the three main characteristics of human
asthma, namely, BHR, eosinophilic airway inflammation, and
airway remodeling, characterized by subepithelial collagen de-
position, airway fibrosis, and increased BSM mass. The use
of Penh to assess BHR in mice is controversial, and may vary
according to respiratory rate and experimental conditions
(35). For instance, Penh is not accurate in C57BL6 mice (36).
However, in our study, the Penh ratio was correlated with lung
resistance as assessed by invasive plethysmography, which is
in agreement with earlier studies performed in BALB/c mice
(36). Moreover, invasive plethysmography cannot be performed
longitudinally. In our study, we assessed BHR at various time
points (i.e., on Days 0, 20, 28, 74, and 76). The close correlation
between Penh measurements and invasive plethysmography at
the end of the study, and the high reproducibility of Penh in
control animals, indicate that this is a valid method to assess
BHR in our model. One of the main drawbacks of many animal
models of asthma remains the lack of BSM remodeling (37).
We adapted the model described by Henderson and colleagues,
which used aluminum hydroxide and induced BSM remodeling
(32). In this study, we were able to induce BSM remodeling
in the absence of any adjuvant, as previously reported (31).
Indeed, murine models, performed in the presence of aluminum
hydroxide, do not require mast cells (38), whereas in human
asthma, the role of this cell type is well known (8).

To date, very few studies have been able to demonstrate a sig-
nificant effect of any pharmacological compounds on BSM mass
in sensitized mice. For instance, montelukast (32) or combined
corticosteroid/long-acting bronchodilator treatment (39) have
been shown to significantly decrease BSM size only in the con-
text of allergen avoidance (39). The effects of TRAM-34 during
the postsensitization phase were striking, with BSM mass no
different from that in unchallenged control animals. These in vivo
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sensitized/challenged mice received daily subcutaneous
injections of TRAM-34 or its vehicle Miglyol-812 from
Day —7 to Day 75. Bronchoalveolar lavage (BAL) fluid
was obtained on Day 80 (A-C). The total number of lung
T cells (D), the absolute number of CD4 T cells (E), and the
CD4/CD8 ratio (F) were assessed on Day 80, using flow
cytometry on cells obtained from digested lungs. OVA
mice received Miglyol-812 from Day —7 to Day 75 (un-
treated group, solid bars), or TRAM-34 from Day —7 to
Day 75 (combined treatment, hatched bars), or TRAM-34
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effects of TRAM-34 on the BSM are in keeping with those pre-
viously reported for human BSM cell proliferation in vitro (27).
Therefore, TRAM-34 was likely to inhibit BSM cell proliferation
directly, although inhibition of fibrocyte recruitment (28) or an
indirect effect through the attenuation of eosinophilic inflamma-
tion might also play a role.

Treatment with TRAM-34 throughout the experimental pro-
tocol reduced nonspecific BHR to methacholine. We may have
been underpowered to identify a significant difference with cu-
rative treatment, but interestingly, a discrepancy was evident be-
tween the effect of curative treatment on BHR and BSM mass.
This suggests that an element of BHR occurs through increased
contractility rather than increased BSM mass per se, which is in
keeping with several human studies (40, 41).

In human asthma, collagen deposition in the subbasement mem-
brane is associated with airway eosinophilia, and is not present in
noneosinophilic disease (42). It is also present in nonasthmatic eo-
sinophilic bronchitis (8). Subbasement membrane collagen deposi-
tion appears to be a consequence of eosinophilic inflammation,
because it is attenuated in human asthma by anti-IL-5 therapy,
which specifically targets eosinophilic inflammation (43). Our
observations of parallel reductions in BAL eosinophilia and sub-
basement membrane collagen deposition with both combined and
curative treatments with TRAM-34 are in keeping with these pre-
vious observations. However, TRAM-34 may also inhibit airway
myofibroblast function, as previously described in renal fibrosis (44).

In vivo, TRAM-34 was administered once daily subcutaneously
at a dose of 120 mg/kg/day. For this purpose, we dissolved TRAM-

Untreated Combined Preventive Curative

34 in neutral oil. Such dosing was previously well tolerated in mice
when continued daily for 3 months in a study evaluating the pre-
ventive effects of Kc,3.1 blockade on the development of athero-
sclerosis in ApoE '~ mice (34). Although bioavailability out of the
subcutaneous space is low, the repeated subcutaneous administra-
tion of the lipophilic TRAM-34 results in steady-state total plasma
concentrations of around 800-900 nM (34). Considering TRAM-
34’s plasma protein binding of 98% (45), these total plasma con-
centrations render free plasma concentrations of approximately
20 nM, which equal TRAM-34’s half-maximal inhibitory concen-
tration for the K¢,3.1 channel (33). Because TRAM-34 has always
been reported to affect BSM cell and fibroblast function at lower
concentrations than T-cell proliferation and cytokine secretion,
these relatively low free plasma concentrations might explain why
we are predominantly observing effects on BSM mass rather than
on immune cell infiltration.

Taken together, our results clearly demonstrate that TRAM-
34 inhibited bronchial remodeling, eosinophil recruitment, and
Th2 cytokine production in the airways. These findings raise
the question of whether TRAM-34 is specific to BSM cells in
our model. These effects probably occur through the involve-
ment of several resident cells (BSM cells and fibroblasts) and in-
flammatory cells (T cells, lung mast cells, and macrophages),
which play important roles in the pathophysiology of asthma.
This ability of Kc,3.1 blockade to target multiple cells in the
asthmatic airway may present a distinct therapeutic advantage,
because targeting a single cell type or mediator has often failed
to provide significant and persistent clinical benefits.
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Figure 5. Effects of TRAM-34 on IL-4, IL-13, and TGF-B1 production in
BAL fluid. OVA-sensitized/challenged mice received daily subcutaneous
injections of TRAM-34 or its vehicle Miglyol-812 from Day —7 to Day 75.
IL-4, IL-13, and TGF-B1 concentrations were measured using ELISA in
BAL fluid obtained on Day 80. OVA mice received Miglyol-812 from
Day —7 to Day 75 (untreated group, solid bars), or TRAM-34 from
Day —7 to Day 75 (combined treatment, hatched bars), or TRAM-34
from Day —7 to Day 20 and Miglyol-812 from Days 21-75 (preven-
tive treatment, dark gray bars), or Miglyol-812 from Day —7 to Day
20 and TRAM-34 from Day 21 to Day 75 (curative treatment, light
gray bars) (n = 8 per group). Data represent the mean = SEM. *P <
0.05 between populations within an experimental condition, using
the Kruskal-Wallis test along with the multiple-comparison z-test.

Our study contains two important clinical implications that
should be taken into consideration when designing clinical tri-
als of K,3.1 blockade in asthma. First, the ability of curative
treatment with TRAM-34 to prevent and perhaps reverse the
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increased BSM mass suggests that Kc,3.1 blockade has the
potential to attenuate the decline in forced expiratory volume
in 1 second (FEV;). This occurs in many subjects with longstand-
ing, often severe asthma (4), and appears not to be inhibited by
corticosteroids (2). Second, airway eosinophilia plays an impor-
tant role in the pathogenesis of severe asthma exacerbations (46).
The ability of curative Kc,3.1 blockade to attenuate airway
eosinophilia suggests that Kc,3.1 blockers might therefore re-
duce the frequency of severe asthma exacerbations, and might
be particularly helpful in the group of patients with severe dis-
ease and relative corticosteroid resistance. Importantly, testing
the effects of K,3.1 blockade on fixed airflow obstruction, the
decline in FEV}, and eosinophilic exacerbations of asthma will
require appropriately designed trials lasting many months.

In conclusion, K,3.1 blockade has the potential to attenuate
the development of fixed airflow obstruction in asthma and
perhaps reverse it, and the potential to reduce the frequency of
severe eosinophilic exacerbations of asthma. An orally bioavail-
able K,3.1 blocker, senicapoc (ICA-17043), was well tolerated
in Phase II and IIT trials for human sickle-cell disease (47, 48).
Therefore the potential exists for the rapid translation of our
current results to the clinic.

A

Figure 6. Representative optic microscopic images from lung sections
obtained from control mice (A and B) and OVA-sensitized/challenged
mice treated with either Miglyol-812 (C and D) or TRAM-34 (E and f)
from Day —7 to Day 75. Lung slices were stained with either a—smooth
muscle actin antibody (A, C, and E) or Masson trichrome (B, D, and F)
on Day 80. Bronchial smooth muscle is visualized (arrows). Scale bars
represent 50 um (X100 magnification).
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Figure 7. Effects of TRAM-34 on bronchial remodeling in a chronic model of
murine asthma. OVA-sensitized/challenged mice received daily subcutane-
ous injections of TRAM-34 or its vehicle Miglyol-812 from Day —7 to Day 75.
Histological analysis was performed on lung sections stained with a-smooth
muscle actin (A and B) or Masson trichrome (C) on Day 80. OVA mice
received Miglyol-812 from Day —7 to Day 75 (untreated group, solid bars),
or TRAM-34 from Day —7 to Day 75 (combined treatment, hatched bars), or
TRAM-34 from Day —7 to Day 20 and Miglyol-812 from Days 21-75 (pre-
ventive treatment, dark gray bars), or Miglyol-812 from Day —7 to Day 20
and TRAM-34 from Days 21-75 (curative treatment, light gray bars) (n = 8
per group). BMT, subbasement membrane thickness; BSMA/BML, bronchial
smooth muscle area/basement membrane length ratio; PBF/BML, peribron-
chial fibrosis/basement membrane length ratio. Data represent the mean =+
SEM. *P < 0.05 between populations within an experimental condition,
using the Kruskal-Wallis test along with the multiple-comparisons z-test.
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