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Summary

Background Inhalation of the local anaesthetic lidocaine has been suggested to be beneficial
for asthmatics, but airway anaesthesia is unpleasant and may exacerbate
bronchoconstriction. Our previous study showed that inhalation of the lidocaine analogue
JMF2-1 can elicit the anti-inflammatory properties of lidocaine without anaesthesia. This
prompted further research on the mechanism of action and putative therapeutic application of
JMF2-1.
Objective We tested the hypothesis that JMF2-1 would prevent allergen-induced lung
inflammation and airway hyperresponsiveness (AHR) by modulating T cell function in vivo
and in vitro.
Methods Local and systemic changes in leucocyte levels, cytokine production and lung
mechanics were examined in a murine model of lung inflammation. JMF2-1 (0.05–2%) or
saline was aerosolized twice a day during the ovalbumin (OVA)-provocation period (19–21
days post-sensitization). Analyses were performed 24 h after the final challenge. Primary
cultured lymph node cells were used to assess the effects of JMF2-1 (100–600 mM) at the
cellular level.
Results OVA challenge resulted in lung recruitment of CD41 T cells and eosinophils, increased
generation of inflammatory cytokines and AHR to inhaled methacholine within 24 h. These
changes were prevented by JMF2-1 nebulization, and occurred in parallel with an increase in
the number of apoptotic cells in the lung. JMF2-1 treatment did not alter levels of CD41 or
CD81 T cells in the thymus or lymph nodes of naı̈ve mice, although it inhibited OVA-induced
IL-13 production and the lymphocyte proliferative response in vitro. It also induced apoptosis
of OVA-activated lymphocytes in a mechanism sensitive to z-VAD, indicating that JMF2-1
mediates caspase-dependent apoptosis.
Conclusion Inhalation of JMF2-1 prevents the cardinal features of asthma by reducing TH2
cytokine generation and lung eosinophilic inflammatory infiltrates via local inhibition of T
cell function and survival. JMF2-1 may represent a novel therapeutic alternative for asthma
control with distinct advantages over local anaesthetics.
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Introduction

Asthma is a chronic inflammatory disease of the airways.
It is driven by a TH2 immune response to inhaled aller-
gens, and is closely associated with infiltration of the
bronchial mucosa with eosinophils, CD41 T cells and
neutrophils. The major symptoms of asthma are airway
obstruction and reversible bronchial hyperresponsiveness

(BHR) to non-specific irritants [1]. Anti-inflammatory
treatment with inhaled glucocorticoid alone and com-
bined preparations of a corticosteroid and a long-acting
b2-agonist are the most effective therapies for asthma.
Most asthmatics respond to these treatments, but some
subjects require additional oral glucocorticoids, and the
long-term use of these agents has been strongly associated
with several adverse effects [2]. In addition, �5–10% of
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asthmatic patients are entirely insensitive to corticoster-
oids, reinforcing the need for new therapies [3].

The use of local anaesthetics to treat patients with
asthma is a new concept [4–6]. This concept has been
mainly motivated by findings in which lidocaine was
found to inhibit the IL-5-mediated survival of human
eosinophils [7]. However, the safety and usefulness of
inhaled lidocaine for controlling asthma remain contro-
versial because topical anaesthesia of the airways can lead
to some degree of irritation and bronchoconstriction in
asthmatics [8–11].

The pharmacological properties of lidocaine analogues
synthesized and screened for reduced local anaesthetic
activity were recently reported. Changes in the aromatic
ring of lidocaine led to the production of JMF2-1 [12, 13].
This analogue can combine reduced local anaesthetic
activity with increased anti-spasmodic and anti-
inflammatory properties in one molecule. The anti-
inflammatory mechanism of JMF2-1 is incompletely
understood. We hypothesized that, using a short-term
model of allergic inflammation in the mouse lung, inhala-
tion of JMF2-1 would affect the activation of T lympho-
cytes and the generation of important cytokines. To assess
the potential direct effects of JMF2-1 on lymphocytes, we
also measured the proliferation, cytokine generation and
apoptosis of lymph node cells from BALB/c and DO11.10
ovalbumin (OVA)-specific T cell receptor transgenic mice.

Methods

Animals

Four-week-old (18–20 g) BALB/c and DO11.10 TCR Tg
(background on BALB/c) mice were obtained from the
Oswaldo Cruz Foundation and the National Institute of
Cancer breeding colonies (Rio de Janeiro, Brazil), respec-
tively. They were kept in the animal-housing facilities at a
controlled room temperature (22–25 1C) and a 12-h (6
am–6 pm) light–dark cycle. Procedures involving the care
and use of laboratory animals were examined and ap-
proved by the Animal Ethics Committee of the Oswaldo
Cruz Foundation (L-0028/06; CEUA-FIOCRUZ, Rio de
Janeiro, Brazil).

Sensitization, challenge and treatment protocol

BALB/c mice were sensitized on day 0 by a dorsal sub-
cutaneous injection (0.2 mL) of a mixture containing OVA
(50mg) and aluminium hydroxide (5mg) in 0.9% NaCl
sterile solution (saline). On day 14, mice were boosted with
the solution described above administered via the intraper-
itoneal (i.p.) route. On the 19th, 20th and 21st day after
sensitization, mice were challenged by exposure for 30 min
to an aerosol of OVA generated from a 20mg/mL solution
by the use of an air-driven nebulizer (model NS I -210/12,

Indústria de Aparelhos Biomédicos, São Paulo, Brazil) at a
flow rate of 10 L/min. In sham-challenged mice, the aerosol
of OVA was replaced by its vehicle (saline). Treatment was
by exposure for 30min to an aerosol of JMF2-1 (0.05–2%)
(M/V) concomitantly and 8 h after each OVA challenge.
Dexamethasone treatment was administered once a day
(1mg/kg, i.p.) 1 h before OVA challenge.

Invasive assessment of respiratory mechanics

Airway responsiveness was assessed as a change in airway
function 24 h after the last challenge with aerosolized
methacholine in a FinePoint R/C Buxcos Platform (Buxco
Electronics, Sharon, CT, USA). Mice were anaesthetized
with nembutal (60 mg/kg). Neuromuscular activity was
blocked with bromide pancuronium (1 mg/kg). Tracheos-
tomized mice were mechanically ventilated and lung
function was assessed. The trachea was cannulated and
the cannula was connected to a pneumotachograph. Air-
flow and transpulmonary pressure were recorded using a
Buxco Pulmonary Mechanics Processing System (Buxco
Electronics, Wilmington, NC, USA). This instrument was
used to calculate lung resistance (RL) (cm H2O/mL/s) and
dynamic lung compliance (mL/cm H2O) in each breath
cycle. Lung elastance was calculated as the inverse of
compliance values. Analogical signals from the computer
were digitized using a Buxco Analog/Digital Converter
(Buxco Electronics). Mice were allowed to stabilize for
5 min and increasing concentrations of methacholine (3, 9
and 27 mg/mL) were aerosolized for 5 min each. Baseline
pulmonary parameters were assessed with aerosolized
phosphate-buffered saline (PBS). Expressed results com-
prised the mean absolute values of the responses of lung
resistance and elastance collected during 5 min after the
administration of methacholine aerosol.

Leucocyte enumeration in digested lung tissue

BALB/c sensitized mice were killed (sodium pentobarbital,
500 mg/kg, i.p.) 24 h after the final antigen challenge. The
lungs were perfused with 20mL of saline through the heart.
The right lung was weighed, chopped and digested with
1 mL of 0.2% collagenase diluted in RPMI media for 40min
at 37 1C to obtain lung leucocytes. Total leucocyte counts
were carried out in Neubauer chambers by means of light
microscopy after dilution of the samples of lung cells in
Türk’s (acetic acid, 0.2%) solution. Eosinophils, neutrophils,
lymphocytes and macrophages were counted by means of
standard morphologic criteria from cytocentrifuge pre-
parations stained with May–Grünwald–Giemsa stain.

Cell recovery from the airway lumen

BALB/c sensitized mice were killed (as described above)
24 h after the final antigen challenge. The trachea was
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immediately cannulated. Cell influx into the airway lu-
men was quantified by counting cells recovered from
bronchoalveolar lavage fluid (BALF). BAL was undertaken
by flushing the airways with 1 mL of PBS with ethylene-
diamine tetra-acetic acid (EDTA, 10 mM). BALF was re-
trieved by gentle aspiration. BALF was centrifuged (239 g,
10 min) and the cell pellet was resuspended in EDTA–PBS.
T cells recovered in BALF were distinguished and counted
after staining with CD3 [fluorescein isothiocyanate (FITC)]
and CD4 [phycoerythrin (PE)] monoclonal antibodies (BD
Biosciences PharMingen, San Jose, CA, USA). Cells were
analysed by flow cytometry (FACSCalibur; BD Biosciences
PharMingen).

Blood cell counts

Blood from the tail vein was obtained immediately before
killing 24 h after the final antigen challenge. Total leuco-
cyte counts were carried out in Neubauer chambers using
Türk’s solution. Differential leucocyte analyses were de-
termined on blood smears stained with May–Grünwald–
Giemsa dye under an oil immersion objective and light
microscopy.

Detection of cytokines from lung explants

Analyses of the production of cytokines by mice lung
explants were undertaken as described previously [14].
Briefly, 24 h after the final challenge, BALB/c sensitized
mice were killed and lungs were perfused with saline
through the heart. The right lung was chopped into 16
small pieces. Each four pieces were placed per well in a
24-well plate. Explants were cultured for 24 h at 37 1C and
5% CO2 in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St Louis, MO, USA) without serum. Secretion of
IL-4, IL-5, IL-13 and IFN-g in the supernatants of the lung
explants was measured with ELISA kits. Reagents from
BioSource (Invitrogen, Carlsbad, CA, USA) were used to
detect IL-13 and IL-4 and those from DuoSet (R&D
Systems, Minneapolis, MN, USA) were used to detect IL-5
and IFN-g following the instructions of each manufac-
turer. Results were expressed in picograms of cytokine
produced per milligram of lung tissue as reported [14]. At
the end of the experiment, after recovering the super-
natant for cytokine measurements, lung fragments were
dried overnight at 60 1C and weighed using a Mettler
Toledo precision balance (Columbus, OH, USA).

Effect of JMF2-1 and dexamethasone on the proliferation
of T cells and cytokine generation in vitro

Pooled cervical, axial and inguinal lymph node cells (106/
well) from naı̈ve DO11.10 TCR Tg mice were extracted. The
cells obtained were exposed to OVA (0.5 mg/mL) or vehicle
in the presence or absence of increasing concentrations of

JMF2-1 (100, 300 or 600 mM) or 100 mM of dexamethasone
for 72 h at 37 1C and 5% CO2. Secretion of IL-13 and IFN-g
in the supernatant was measured with ELISA kits from
BioSource (Invitrogen) and DuoSet (R&D Systems), re-
spectively. For the measurement of the proliferation of
T cells, cells were pulsed with 1 mCi of tritiated methylthy-
midine (Amersham Corporation, Arlington Heights, IL,
USA) for the final 8 h of the culture period. Proliferation
was monitored by incorporation of tritiated thymidine in
new DNA strands of daughter cells.

Analyses of apoptosis by flow cytometry

Naı̈ve cells obtained from the lymph nodes of DO11.10 TCR
Tg male mice (106 cells/well) were stimulated with OVA
(0.5 mg/mL), whereas cells from BALB/c mice were stimu-
lated with anti-CD3 (10mg/mL) (BD Biosciences PharMin-
gen). In both cases, cells were treated with JMF2-1 (300
and 600mM) or dexamethasone (100mM) for 72 h at 37 1C in
an atmosphere of 5% CO2. DNA fragmentation of retrieved
cells was analysed by permeabilizing and staining cells
with propidium iodide (PI) as described previously [15–17].
Briefly, cells were stained with PI (75mM) in the presence of
NP-40, a non-ionic detergent (Calbiochem, San Diego, CA,
USA), for 15 min. Analyses of DNA content and calculation
of the percentage of hypodiploid cells were performed by
collecting 20 000 events in a FACSCalibur flow cytometer
for Sub-G0 analysis using CellQuest software (BD Bios-
ciences PharMingen).

To assess the putative involvement of caspase in the
mechanism of cell death, cells from DO11.10 mice were
pre-treated with z-VAD 50 mM (Calbiochem) for 1 h before
stimulation with OVA and exposed to JMF2-1 (300 mM) or
dexamethasone (100 mM). Treatments lasted for 72 h and
apoptosis was analysed as described above.

Apoptosis of lymph node (cervical, axial and inguinal)
cells and BALF cells from saline- or OVA-challenged mice
nebulized or not nebulized with JMF2-1 (1% and 2%) was
assessed by double staining with CD4 PE and Annexin V
FITC (BioSource, Invitrogen). Samples were analysed by
flow cytometry (FACSCalibur). BALF cells were obtained
24 h after the final challenge with OVA and analysed in
pools to increase the number of cells per sample. CD41

cells that were annexin V positive were considered to be
early apoptotic T cells.

Detection of apoptotic cells in the lung sections of mice by
terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labelling assay

BALB/c sensitized mice were killed 24 h after the final
challenge, as described previously, and the lung was
perfused with 20 mL of saline through the heart. Lungs
were prepared, fixed and stained following the instruc-
tions of the manufacturer (R&D Systems). Identification of
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apoptotic cells in the lungs was performed using an in situ
Cell Death Detection Kit (the TACS TdT Kit from R&D
Systems). Briefly, paraffin sections were dewaxed, hy-
drated to water before permeabilization with proteinase K
for 15 min at room temperature. Slides were treated with
3% (v/v) H2O2 for 5 min before incubation with terminal
deoxynucleotidyl transferase in a humidified chamber at
37 1C for 1 h. Biotinylated nucleotides were detected using
streptavidin–horseradish peroxidase conjugate followed
by the substrate, diaminobenzidine. Cells were counter-
stained with methyl-green to discriminate viable cells.
Twenty fields were randomly chosen for each lung sec-
tion, and all cells were counted. The percentage of
apoptotic cells was determined (number of apoptotic
cells/total number of cells counted�100%) from four
sections per group. Assays were carried out in a blinded
manner. The original magnification was �1000.

Effects of treatment with JMF2-1 or dexamethasone upon
systemic lymphocytes

To assess the potential repercussions of treatment with
nebulized JMF2-1 on the lymphocyte content of periph-
eral lymphoid organs, naı̈ve BALB/c mice were subjected
to an aerosol of 2% JMF2-1 or saline for 30 min twice a
day for 3 days as described above. Dexamethasone (1 mg/
kg, i.p.) was administered once a day for 3 days for
comparison. Mice were killed by anaesthesia (sodium
pentobarbital, 500 mg/kg, i.p.) 24 h after the final treat-
ment. Thymus as well as cervical, axial and inguinal
lymph nodes were extracted. Thymus and pooled viable
lymph node cells were counted by exclusion of Trypan
blue. T cells were distinguished by staining with CD3
(FITC), CD4 (PE) and CD8 (PE-Cy5) monoclonal antibodies
(BD Biosciences PharMingen). Cells were analysed by flow
cytometry (FACSCalibur).

The proliferation of lymph node (cervical, axial and
inguinal) cells from OVA-challenged mice nebulized or
not nebulized with JMF2-1 (1% and 2%) was evaluated
24 h after the final in vivo antigen challenge. This was
achieved by retrieving cells from the lymph nodes, re-
challenging cells with OVA (0.5 mg/mL) in vitro for 72 h
and permeabilizing and staining cells with PI as described
previously [15]. Briefly, cells were stained with PI (75 mM)
in the presence of NP-40. Analyses of the DNA content
were carried out by collecting 10 000 events for cell-cycle
analysis using a FACSCalibur flow cytometer and Cell-
Quest software (BD Biosciences PharMingen). Prolifera-
tion values were determined by calculating the percentage
of cells in phase S1G2 of the cell cycle.

Chemicals

JMF2-1 HCl was synthesized in the Department of Organic
Synthesis of Far-Manguinhos (CEUA-FIOCRUZ, Rio de

Janeiro, Brazil) from 2-trifluormethyl-aniline. Dexa-
methasone, OVA (grade-V) and methacholine were pur-
chased from Sigma-Aldrich. Dexamethasone and JMF2-1
were dissolved in sterile saline solution immediately
before use.

Statistical analyses

Statistical analyses were carried out with ANOVA followed
by the Newman–Keuls–Student test. P40.05 (two-tailed
test) was considered significant.

Results

Effects of JMF2-1 on allergen-evoked leucocyte changes

Allergen provocation of actively sensitized mice yielded a
significant increase in total leucocyte numbers detected in
digested lung tissue and blood samples 24 h post-
challenge (Fig. 1a and b). In the samples of digested lung
tissue, the elevation in leucocyte counts was accounted
for by a significant increase in the numbers of macro-
phages, lymphocytes, eosinophils and neutrophils. These
changes were clearly sensitive to treatments with JMF2-1
(1–2%), as well as to dexamethasone (Fig. 1a). In this
model, allergen-evoked blood leucocytosis appeared to be
associated with increased numbers of lymphocyte, eosi-
nophil and neutrophil leucocyte subtypes, which were
also inhibited by treatment with JMF2-1 and dexametha-
sone (Fig. 1b). The numbers of eosinophils and macro-
phage were less sensitive to lower concentrations of
JMF2-1 (0.05–0.5%).

Effect of JMF2-1 treatment on the allergen-induced
accumulation of CD41 T cells in bronchoalveolar lavage
fluid

As expected, allergen provocation was followed by a
significant increase in the number of CD41 T cells in BALF
24 h post-challenge compared with the negative control
(saline provocation) (Fig. 2). These results revealed that
the accumulation of CD41 T cells (Fig. 2) was inhibited by
treatment with JMF2-1 (2%, nebulized) or dexamethasone
(1 mg/kg, i.p.).

Effect of JMF2-1 on airway hyperresponsiveness

Antigen challenge with OVA exacerbated airway resistance
and elastance lung response to inhaled methacholine
(3–27 mg/mL) as compared with control mice challenged
with saline (Fig. 3a and b, respectively). Figure 3 also
revealed that treatment with JMF2-1 (0.5–2%, aerosol) or
dexamethasone (1 mg/kg, i.p.) abolished the airway hy-
perresponsiveness (AHR) noted in mice subjected to OVA
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challenge. Elastance and resistance were not sensitive to a
lower concentration of JMF2-1 (0.05%).

Effect of JMF2-1 or dexamethasone on cytokine
production by lung explants

One study showed that lidocaine inhibited cytokine pro-
duction in vitro [18]. We therefore studied the effect of the
lidocaine analogue JMF2-1 in the secretion of cytokines
in mice lungs. Lung explants from OVA-challenged mice
spontaneously produced more IL-4, IL-5, IL-13 and IFN-g
in vitro than saline-challenged mice (Fig. 4). Such an
increase in the level of IL-4, IL-5 and IL-13 was reduced
in mice subjected to treatment with dexamethasone or
JMF2-1 (Fig. 4a–c, respectively). The elevation in IFN-g
levels was not sensitive to the concentration of 0.5%
JMF2-1, but was significantly inhibited by dexametha-
sone and high concentrations of JMF2-1 (1% and 2%)
(Fig. 4d).

Effect of dexamethasone and JMF2-1 on T cell function

To assess the effect of JMF2-1 or dexamethasone on T
lymphocytes, lymph node cells from DO11.10 (TCR Tg)
mice were cultured in vitro. As illustrated in Fig. 5, OVA
challenge significantly increased the production of IL-13
and IFN-g (a and b, respectively) and the proliferative

response of lymphocytes (c). Exposure to increased con-
centrations of JMF2-1 (100–600 mM) led to a dose-
dependent reduction in the level of IL-13 (Fig. 5a), IFN-g

(a)

(b)

Fig. 1. Effect of treatment with JMF2-1 (0.05–2%, nebulization) or
dexamethasone (1 mg/kg, intraperitoneal) on allergen-evoked leucocyte
changes (total and differential cell counts) in samples of digested lung
tissue (a) and blood (b) of BALB/c mice sensitized and challenged with
ovalbumin (OVA). Values are mean�SEM from at least five mice.
1Po0.05 as compared with sham-challenged mice. �Po0.05 as com-
pared with OVA-challenged mice.
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Fig. 2. Effect of JMF2-1 (2%, nebulization) or dexamethasone (1 mg/kg,
intraperitoneal) on the accumulation of CD41 T lymphocytes in bronch-
oalveolar lavage (BAL) effluents 24 h after ovalbumin (OVA) provocation
of sensitized BALB/c mice. Values are mean�SEM from three cell pools,
containing effluents from four mice. 1Po0.05 as compared with sham-
challenged mice. �Po0.05 as compared with OVA-challenged mice.
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(b)

Fig. 3. Effect of JMF2-1 (0.05–2%, nebulization) or dexamethasone
(1 mg/kg, intraperitoneal) on methacholine-induced increase in lung
resistance (a) and lung elastance (b) in BALB/c mice sensitized and
challenged with ovalbumin (OVA). Values are mean�SEM from five
mice. 1Po0.05 as compared with sham-challenged mice. �Po0.05 as
compared with OVA-challenged mice.
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production (Fig. 5b) and proliferative response of T cells
(Fig. 5c). Figure 5 also reveals that the proliferative
response and generation of IL-13 and IFN-g triggered by
OVA were clearly sensitive to treatment with 100 mM

dexamethasone.

Pro-apoptotic effect of JMF2-1 on T cells

Lymph node cells exposed to allergen or anti-CD3 provo-
cation in the presence or absence of treatments were
permeabilized, stained with PI and analyzed by flow
cytometry. As shown in Fig. 6, there was an obvious
decrease in the percentage of apoptotic cells when they
were exposed to OVA for 72 h (cells from naı̈ve DO11.10
donors) (a) or to anti-CD3 mAb (cells from BALB/c donors)
for 48 h (b). Treatment of OVA- or anti-CD3-activated cells
with JMF2-1 (300 mM) or dexamethasone (100 mM) signifi-
cantly increased the percentage of apoptotic cells.

Studies were conducted under conditions in which the
lymph node cells from naı̈ve DO11.10 mice were pre-
treated with the pan-caspase inhibitor z-VAD (50 mM) then
exposed to OVA in the presence or absence of 300 mM

JMF2-1 or 100 mM dexamethasone for 72 h in vitro. z-VAD
equally prevented the pro-apoptotic effect of JMF2-1 and
dexamethasone (Fig. 6c).

Pro-apoptotic effect of JMF2-1 in vivo

We assessed the impact of treatment with JMF2-1 on the
population of apoptotic cells in the lung by enumerating
apoptotic [terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL)-

positive] and viable cells in lung sections obtained from
mice challenged with OVA. Lungs of sensitized mice
subjected to saline challenge showed few apoptotic cells
within the peribronchial spaces (Fig. 7a and d). After
OVA challenge, numerous viable infiltrating leucocytes
(counterstained with methyl-green) and few TUNEL-posi-
tive cells (Fig. 7b and d) were observed. Under this
condition, JMF2-1 reduced the number of viable cells
and increased the percentage of apoptotic cells in the lung
(Fig. 7c and d).

We also assessed the apoptosis of T CD41 lymphocytes
in BALF samples. We demonstrated that 2% JMF2-1
increased apoptosis from 2.6�0.5% (mean�SEM, n = 3)
in OVA-challenged mice to 5.7�0.7% (mean�SEM, n = 3)
(Po0.05).

Effect of treatment with JMF2-1on the distribution of T
cells in lymphoid organs

As illustrated in Fig. 8, no difference in the levels of
CD31CD41 and CD31CD81 T cells was observed in the
thymus (a and b) or peripheral lymph nodes of naı̈ve
BALB/c mice subjected to inhalation of JMF2-1 (2%) (c
and d) as compared with saline-treated mice. In contrast,
an intense reduction in the number of CD31CD41 cells
and CD31CD81 cells was noted in the lymph nodes and
the thymus of mice subjected to treatment with dexa-
methasone (1 mg/kg, i.p.).

We also assessed the capacity of JMF2-1 to alter the
viability and functional profile of T cells in peripheral
lymph nodes 24 h after allergen provocation. Lymph node
cells from OVA-challenged mice increased their
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proliferative response following ex vivo exposure to OVA
(9.9�0.9%; n = 6) as compared with those from sham-
challenged mice (6.2�0.3%; n = 6) (Po0.05), which was
not modified by prior nebulization with JMF2-1 1%
(10.6�1.8%; n = 4). Nevertheless, as nebulized at 2%,
JMF2-1 tended to reduce the proliferative response to
recall antigen (7.5�0.9%; n = 6) indicating that, at this
concentration, it can be absorbed through the airways into
the systemic circulation and interfere with antigen-
mediated immune responses. Furthermore, neither 1%
JMF2-1 (14.7�0.2%; n = 3) nor 2% JMF2-1 (17.5�2.4%;
n = 5) could alter the apoptosis of lymph node T cells as
compared with those obtained from untreated OVA-chal-
lenged mice (17.6�0.8%; n = 5).

Discussion

We report novel observations related to the anti-inflam-
matory and immunoregulatory properties of JMF2-1, a
lidocaine analogue screened for reduced local anaesthetic
activity [12, 13]. Treatment of OVA-challenged mice with
nebulized JMF2-1 prevented crucial asthma events, in-
cluding airway hyper-reactivity, leucocyte infiltration
(eosinophils, CD4 T cells), and the production of pro-
inflammatory cytokines in lung tissue. In in vitro settings,
JMF2-1 dose-dependently inhibited antigen-induced
T cell proliferation and IL-13 production. Furthermore,
T cells exposed to JMF2-1 underwent apoptosis as attested
by flow cytometric analyses. This phenomenon was im-
paired when T cells were treated with the pan-caspase
inhibitor z-VAD, and hence it is suggested that JMF2-1
mediates the caspase-dependent apoptosis of lympho-
cytes. Altogether, these observations indicate that the
protective effect of JMF2-1 upon allergen-evoked airway
inflammation and bronchial hyper-reactivity may be
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Fig. 5. Effect of in vitro treatment with JMF2-1 (100–600 mM) or
dexamethasone (100mM) on ovalbumin (OVA)-evoked IL-13 and IFN-g
production by DO11.10 lymphocytes (a) and (b) and proliferation (c).
Values are mean�SEM from three mice (representative of two experi-
ments). 1Po0.05 as compared with sham-challenged lymph node cells.
�Po0.05 as compared with OVA-challenged lymph node cells.

(a) (b) (c)

Fig. 6. Effect of dexamethasone (100 mM) or JMF2-1 (300mM) on the subdiploid DNA (sub-G0/G1) content of lymph node cells recovered from DO11.10
transgenic mice (a) and from BALB/c mice (b) subjected to stimulation with ovalbumin (OVA) and anti-CD3, respectively. (c) Shows the effect of z-VAD
pre-treatment (50mM) upon apoptosis of DO11.10 lymph node cells induced by JMF2-1 or dexamethasone. The percentage of cells undergoing DNA
fragmentation was determined by propidium iodide staining (flow cytometry) performed within 72 and 48 h after exposure to OVA and anti-CD3,
respectively. Values are mean�SEM from three mice (representative of two experiments). 1Po0.05 as compared with saline-stimulated lymph node
cells. �Po0.05 as compared with OVA or anti-CD3-stimulated but untreated cells. #Po0.05 as compared with cells not treated with z-VAD.
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(a) (b)

(c) (d)

Fig. 7. Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labelling labelling of lungs of allergen-challenged mice
treated with JMF2-1. (a) Shows a lung section of a sensitized mouse subjected to saline provocation demonstrating a few apoptotic cells (arrow) in the
peribronchial area. (b) Shows a lung section of a sensitized mouse subjected to ovalbumin (OVA) provocation demonstrating a few apoptotic cells
(arrow) in the peribronchial area and numerous viable cells counterstained with methyl-green (arrowhead). (c) Shows a lung section of a sensitized
mouse subjected to OVA provocation and treatment with JMF2-1 (2%) showing numerous apoptotic cells (arrow) and fewer viable cells counterstained
with methyl-green. (d) Shows an apoptotic index reflecting the effect of in vivo treatment with JMF2-1 (2%, aerosol) on the number of peribronchial
apoptotic cells in sensitized mice subjected to OVA challenge. Values are mean�SEM from at least three mice. �Po0.05 as compared with OVA-
challenged untreated mice. Original magnification �1000.

(a) (b)

(c) (d)

Fig. 8. Effect of JMF2-1 (1% and 2%, nebulization) or dexamethasone (1 mg/kg, intraperitoneal) on the numbers of CD4 and CD8 T lymphocytes
recovered from the thymus (a and b, respectively) and peripheral lymph node cells (c and d, respectively) in naı̈ve BALB/c mice. Values are mean�SEM
from four mice. �Po0.05 as compared with negative controls (mice nebulized with saline).
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accounted for by the down-regulation of T cell survival
and the inhibition of TH2 cytokine production.

T cells play a paramount part in asthma pathogenesis;
hence, the present study was undertaken to test the
hypothesis that JMF2-1 would prevent allergen-induced
lung inflammation and AHR by modulating T cell func-
tion. There is an emphasis in the literature on the need to
treat the eosinophilic inflammatory changes that appear
to contribute to airway hyper-reactivity in asthmatics [3,
19, 20]. Using actively sensitized BALB/c mice, we showed
that an allergen-evoked increase in the number of eosino-
phils, neutrophils, macrophages and lymphocytes in lung
tissue (as well as concomitant elevation in the circulating
levels of eosinophils and lymphocytes in the blood) was
prevented by nebulization with JMF2-1 with an efficacy
comparable with that presented by dexamethasone treat-
ment. As expected, assuming a causative association
between eosinophilic inflammatory infiltrates and airway
hyper-reactivity, treatment with JMF2-1 and dexametha-
sone also inhibited the methacholine-evoked increases in
lung resistance and elastance noted after OVA challenge,
reinforcing the idea of beneficial effects of JMF2-1 on
airways. A recent study conducted in guinea-pigs raised
the possibility that local anaesthesia with lidocaine in the
airways improved airway hyper-reactivity by inhibiting
neurogenic inflammation [21]. The evidence from the
current study, however, is that the protective effect of
lidocaine on airway hyper-reactivity is probably unre-
lated to its ability to cause local anaesthesia because the
analogue JMF2-1, despite the lack of anaesthetic activity
[13], remained active against allergen-evoked airway
hyper-reactivity in mice.

Several very successful asthma treatments in murine
models of asthma are related to the ability to reduce the
expression of TH2 cytokines, which are mainly generated
by infiltrating CD4 T cells [22–25]. In the present study, we
confirmed the findings showing that OVA provocation of
sensitized mice enhanced the production of IL-4, IL-5 and
IL-13 by lung explants [14]. This is in line with the
assumption that the generation of TH2 cytokines is a
feature of the allergic inflammatory process. IFN-g levels
also appeared to be increased in this condition, although
at a lower level as compared with TH2 cytokines. Treat-
ment with dexamethasone or high doses of JMF2-1 (1%
and 2%) prevented the production of TH2 and TH1 cyto-
kines, whereas 0.5% JMF2-1 selectively prevented the
generation of TH2 cytokines. This is interesting consider-
ing the possibility of IFN-g-producing TH1 cells having
protective effects in asthma [26]. Nebulized JMF2-1,
similar to dexamethasone, clearly inhibited allergen-in-
duced influx of CD4 T cells into the airways. Therefore, the
simplest explanation would be that JMF2-1 down-regu-
lated the generation of pro-inflammatory cytokines by
preventing the accumulation of CD4 T cells in the lung
tissue.

We then examined the effect of JMF2-1 on the prolif-
erative response, cytokine production by lymphocytes and
the survival of these cells after allergen-specific stimula-
tion in vitro. A close correlation between the magnitude of
blockade of allergen-induced IL-13 production and the
impairment of the proliferative response of OVA-
stimulated DO11.10 T cells following treatment with JMF2-
1 or dexamethasone was noted. The recognized capacity of
the prototype lidocaine to prevent mitogen-induced prolif-
eration and secretion of cytokines from activated T cells is
independent of cell toxicity and of interference with mito-
gen binding on the cell membrane [18, 27, 28], but appears
to involve the inhibition of signalling of nuclear factor kB
[27]. In the present study, T cells exposed to JMF2-1 or
dexamethasone underwent apoptosis as attested by flow
cytometric analyses. The pro-apoptotic effect of JMF2-1,
similar to that observed with dexamethasone in the present
study and others [29], was inhibited when T cells were
treated with the pan-caspase inhibitor z-VAD. This indicated
that JMF2-1 and dexamethasone mediate the caspase-
dependent apoptosis of lymphocytes.

Apoptosis may promote the resolution of inflammation
in asthma [30, 31]. Furthermore, several anti-inflammatory
drugs (including glucocorticoids) may act through the
induction of apoptosis of inflammatory cells [31–33]. We
investigated the effect of treatment with JMF2-1 upon the
apoptosis ratio in the lung of OVA-challenged mice by in
situ detection of DNA fragmentation with the TUNEL
technique. JMF2-1 significantly increased the ratio of
apoptotic cells to viable migrated inflammatory cells in the
subepithelium of bronchi 24 h post-challenge. These results
demonstrated, for the first time in situ, that the inflamma-
tory cells that migrate into lung tissue undergo apoptosis
within the subepithelium after aerosolization with JMF2-1.
We also detected increased levels of apoptosis in the CD4 T
cell population in BALF fluid following JMF2-1 treatment.
This adds support to the interpretation that the anti-
inflammatory effect of this lidocaine analogue is accounted
for by the down-regulation of CD4 T cell survival.

In another set of in vivo experiments, we demonstrated
that, differently from dexamethasone, JMF2-1 did not
alter CD4 or CD8 T cell numbers in peripheral lymphoid
organs, such as the thymus and lymph nodes of naı̈ve
mice. Moreover, 1% JMF2-1 did not impair the prolifera-
tive response to recall antigen in ex vivo settings. This
suggested that this analogue can inhibit allergen-evoked
inflammation and airway hyper-reactivity without caus-
ing the systemic down-regulation of T cell proliferation.

In conclusion, the present study suggests that the
protective effect of JMF2-1 upon allergen-evoked airway
inflammation and BHR in actively sensitized mice is (at
least in part) accounted for by the down-regulation of T
cell survival and the inhibition of TH2 cytokine produc-
tion. It demonstrated that JMF2-1 induces caspase-depen-
dent apoptosis of T cells. This probably contributes to
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impairment of the accumulation of these cells in the lung
mucosa and the subsequent amplification of the local
eosinophilic inflammatory response without inducing
systemic immunosuppression.
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