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Epithelial cells from individuals with asthma or from allergen- have been implicated in both initiation and perpetuation
sensitized mice contain intracellular interleukin (IL)-16 protein, of the immune response to antigen (4), and therefore play
not present in epithelial cells from individuals without asthma a central role in allergic airway inflammation.
or unsensitized mice. IL-16 is only present in the broncho- Establishment of the allergic airway response can be
alveolar lavage (BAL) fluid following airway challenge with ei- broadly segregated into two phases: a sensitization phase,
ther allergen or vasoactive amine. This suggests that the initial

in which initial interaction with allergen induces a systemicresponse to allergen (sensitization) results in synthesis but not
immune response resulting in the generation of IgE anti-secretion of IL-16. In this study, we investigated what factors
body as well as production of selected cytokines; and aproduced during the sensitization phase are responsible for
second, challenge phase, which is then triggered by subse-epithelial cell priming for IL-16 production. We determined that
quent local exposure to the allergen, resulting in an amplifi-ovalbumin (OVA)-sensitized mice have an increase in systemic

tumor necrosis factor-� levels, and that serum or BAL fluid cation of cytokine production which drives immune cell
stimulation of bronchial epithelial cells results in production of recruitment and activation in the lung. In association with
IL-16 that is subsequently secreted only following serotonin sensitization, several cellular responses have been reported.
stimulation. The mechanism for IL-16 production was shown There is a significant expansion of both CD4� and CD8�
to be caspase-3–dependent, and serotonin-induced secretion T cells, as well as B cells in the thoracic lymph nodes (5).
of IL-16 required binding of the serotonin type 2 receptor. The This expanded T cell population expresses elevated levels
relevance of the priming effect associated with sensitization for

of the transcription factors GATA-3 and STAT-6. DespiteIL-16 production and storage was confirmed in vivo by serotonin
activation of these transcription factors, detection of TH2airway challenge of OVA-sensitized mice, resulting in rapid se-
cytokines interleukin (IL)-4, IL-5, and IL-13 does not occurcretion of IL-16 into BAL fluid. As IL-16 has been shown to
until further induction in association with the challengeregulate CD4� cell recruitment and activation, and is detected
phase. Sensitization alone does not appear to affect immuneearly following airway challenge of individuals with asthma,

this two-step process for IL-16 production by epithelial cells cell numbers in the lung (5). There is, however, a detectable
may represent a rapid response mechanism in the orchestration change in lung epithelium. Sensitization results in synthesis
of allergic airway inflammation. and intracellular storage of IL-16 as determined by immuno-

histochemical staining (6). Although IL-16 is not detectedThe cellular components of allergic airway inflammation
in the bronchoalveolar lavage (BAL) fluid of individualsare primarily lymphocytes, eosinophils, and mast cells (1–3).
with stable atopic asthma, it is rapidly released followingInflux of these cells to the bronchial epithelium and subepi-
airway challenge with either allergen or histamine (7, 8).thelium likely occurs due to chemoattractant factors gener-
These data indicate that sensitization alone primes for theated by both resident epithelial cells and recruited effector
rapid expression of TH2 cytokines by T cells and IL-16 bycells responsible for perpetuating the immune response.
the epithelium.Mast cells and eosinophils, through the release of vasoactive

IL-16 is a protein initially characterized as an in vitroamines, tryptases, and leukotrienes, are directly responsible
chemoattractant factor for CD4� T cells (9); it is now knownfor several of the physiologic alterations consequent to aller-
that other CD4� cells are also responsive. IL-16 stimulationgic inflammation, such as bronchoconstriction and mucosal
of CD4� T cells results in upregulation of IL-2R� (CD25),edema. CD4� lymphocytes of the T-helper 2 (TH2) subtype
facilitating a proliferative response to either IL-2 or IL-15
(10). In addition, IL-16 has been reported to regulate the
response of T cells to antigenic stimulation (11, 12) as well

(Received in original form April 4, 2002 and in revised form October 11, as to certain chemokines (13). By immunohistochemical
2002) staining, the major cell source of IL-16 in the lung are
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chased from Sigma Chemical Co. (St. Louis, MO) and used atThe association of IL-16 with bronchial epithelial cells
10�6 M for all experiments. Serotonin receptor inhibitors were(BEC) was first reported by Bellini and coworkers (21),
obtained from the following sources: LY53857 (10�6 M), Eli Lillywho described the release of IL-16 by BEC derived from
and Co. (Indianapolis, IN); ketanserin (10�8 M), Janssen Pharma-individuals with asthma following in vitro stimulation with
ceutical (Piscataway, NJ); pindopind-5-HT1a (5 � 10�6 M), Re-histamine. Histamine-stimulated epithelial cells from indi-
search Biochemicals, Inc. (Natick, MA); and methiopthepin (10�6

viduals without asthma did not release IL-16. Subsequent M), Hoffmann-LaRoche (Nutley, NJ). The specific peptide inhibi-
studies identified IL-16 mRNA and protein in the bronchial tors of caspase-1 and -3 Ac-YVAD-CHO (acetyl-Try-Val-Ala-Asp-
epithelium and subepithelium of biopsies from individuals aldehyde) and Ac-DEVD-CHO (acetyl-Asp-Glu-Val-Asp-alde-
with asthma, which were absent in those without asthma hyde), respectively, were purchased from Bachem (Torrance, CA).

Anti–IL-16 monoclonal antibody was isolated from clone 14.1(6). The analogous in vivo experiment demonstrated the
and purified by protein A affinity chromatography, and used at apresence of IL-16 in the BAL fluid obtained from individu-
concentration of 5 �g/ml, a concentration sufficient to neutralizeals with asthma following segmental bronchoprovocation
the bioactivity of 10�10 M recombinant human IL-16 as well aswith histamine (8). IL-16 was not detected in the BAL fluid
murine IL-16 (18, 25). Anti-murine TNF-�, IL-9, and regulatedfrom individuals without asthma, nor from saline-chal-
on activation, normal T cells expressed and secreted (RANTES)lenged individuals with asthma. There was a similar pattern
antibodies (R&D Systems) were used at the neutralizing concen-

of pulmonary IL-16 expression in a murine model of allergic trations of 10 �g/ml in BAL fluid, serum, or cell culture superna-
airway inflammation. IL-16 protein was present in the epi- tants as noted.
thelium and BAL fluid of ovalbumin (OVA)-sensitized and
aerosol-challenged mice and absent in control mice (22).
Interestingly, IL-16 immunoreactivity was also detected in Mice Sensitization
the epithelium, but not in the BAL fluid, of systemically

Male BALB/c mice (aged 6–8 wk) were obtained from Jackson
sensitized mice challenged with saline. The data from bron- Laboratory (Jackson, ME). The mice received two intraperitoneal
chial biopsies and BAL of allergic airway inflammation in injections of 25 �g ovalbumin with aluminum hydroxide (Imject
humans and mice and bronchoprovocation experiments alum; Pierce, Rockford, IL) in sterile phosphate-buffered saline
with histamine suggest that epithelium can be stimulated (PBS) on Days 1 and 14. Serum and BAL fluid was obtained at

Day 28. BAL fluid was obtained by tracheal cannulation, followedto synthesize and store precursor IL-16 protein, which is
by two sequential lavages using 1 ml of sterile PBS in each lavage.thereafter secreted following a secondary stimulus. The
The fluid was centrifuged to remove cells and debris and addedpresence of IL-16 mRNA and protein in the epithelium of
to cell cultures at a 1:10 dilution. Sensitization of the mice wasasymptomatic individuals with asthma or sensitized mice
confirmed by the presence of elevated IgE antibody levels con-before allergen challenge further indicates that IL-16 syn-
tained in the serum, as determined by enzyme-linked immunosor-thesis is induced during allergen sensitization. Although
bent assay (ELISA) (22).

cytokine factors that elicit epithelial cell IL-16 synthesis in For some experiments, sensitized and unsensitized mice were
vitro have been described (23, 24), a direct effect of these subjected to isofluorane anesthesia (Abbott, Chicago, IL) and in-
cytokines on in vivo synthesis of IL-16 has not been re- tratracheally challenged with 100 �l (10�7 M) 5-HT contained in
ported. sterile PBS. One hour following 5-HT instillation, lungs were la-

In this study, we investigated the mechanism by which vaged with 1 ml sterile PBS. The BAL fluid was centrifuged to
remove cellular debris, and then concentrated 10-fold using Centri-OVA sensitization in a mouse model of allergic inflamma-
con centrifugation (Millipore, Bedford, MA) before assessmenttion induces epithelial cell production of IL-16. We demon-
for induced chemoattraction and IL-16 ELISA. The mice werestrate that the serum and BAL fluid of OVA-sensitized
housed according to guidelines established by the Guide for themice, although unable to directly elicit IL-16 synthesis and
Care and Use of Laboratory Animals and the Animal Welfarerelease, are able to prime LA-4 cells (murine BEC) to
Act. The Institutional Animal Care and Use Committee at thesynthesize IL-16, which is secreted with subsequent stimula-
Boston Medical Center have approved the protocol for animaltion by serotonin (5-HT). The majority of this effect is usage described in these studies.

attributable to tumor necrosis factor (TNF)-�. We further
demonstrate that the effects of 5-HT occur via interaction
with the S2 receptor, and that secretion is independent of Cells and Culture Conditions
de novo synthesis of IL-16 protein. These in vitro observa-

The immortalized murine airway epithelial LA-4 cell line wastions of epithelial cell priming were correlated in vivo by
purchased from American Type Culture Collection (Manassas,intratracheal airway challenge with 5-HT in sensitized mice,
VA). Cells were cultured on tissue culture treated dishes in F-12which elicits secretion of IL-16 bioactivity detected in BAL
(HAM; Gibco-BRL, Grand Island, NY) media supplemented with

fluid. This model for IL-16 generation by airway epithelial HEPES, penicillin/streptomycin, and 10% fetal bovine serum, and
cells represents a potential rapid response mechanism asso- passaged weekly. All experiments were conducted at 90–95% con-
ciated with a secondary exposure to allergen in the sensi- fluence. Following stimulation for designated time periods, super-
tized individual, similar to the mechanism described for TH2 natants were harvested, centrifuged to remove any cellular debris,
cytokine generation by primed T cells (5). and frozen at �80�C before assay. For cell lysis, cells were detached

by incubation with EDTA in cold media. Cell suspensions were
sonicated at 4�C in PBS containing the protease inhibitors PMSF,Materials and Methods
aprotonin, and leupeptin (all obtained from Sigma Chemicals) as

Reagents previously described (26, 27).
In some experiments, caspase-specific peptides were used toMurine tumor necrosis factor � (mTNF-�) was obtained from

R&D Systems (Minneapolis, MN). Serotonin (5-HT) was pur- demonstrate caspase-3 enzymatic activity in IL-16 processing (28).
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For those experiments, peptides Ac-DEVD-CHO or Ac-YVAD- attached to substrate peptide sequence. Cell lysates were assayed
CHO (100 �M each) in PBS were added to the cell cultures 5 for caspase-3 activity per manufacturer’s instructions (Medical and
min before the addition of TNF-�, and remained in the cultures Biological Laboratories Co., Ltd, Nagoya, Japan). Briefly, after
throughout the experiment. In some experiments, cycloheximide rinsing twice with PBS, cells are harvested and subjected to a
(20 �g/ml) was added 2 h before cytokine stimulation to prevent detergent-based lysis buffer from the manufacturer. Cell lysates
de novo protein synthesis. are incubated with an equal volume of 2� reaction buffer and

DEVD-AFC in the dark at 37�C. Fluorescence with 350 nm excita-
tion and 510 nm emission wavelengths were assayed at 2–3 h
of incubation. Caspase-3 activity is expressed as fold increase ofChemotaxis
diluent-treated control dishes.The presence of bioactive IL-16 in epithelial cell supernatants was

determined by the induction of human T lymphocyte migration
using a modified Boyden chemotaxis chamber technique, as de- Results
scribed below and previously (23, 27). T cells were isolated from Epithelial Cell Priming by Serum and BAL Fluid Obtainedhealthy volunteers by Ficoll-Paque (Amersham Pharmacia Bio-

from OVA-Sensitized Micetech, Uppsala, Sweden) density gradient centrifugation, followed
by passage though a sterile nylon wool column to purify nonadher- To determine whether a soluble factor generated during
ent T cells. This method yields a � 95% pure T cell population. the sensitization phase was responsible for IL-16 induction
After isolation, cells were maintained in RPMI 1640 (BioWhit- in airway epithelial cells, LA-4 cells were stimulated with
taker, Walkersville, MD) with 1% bovine serum albumin, 200 U/ml 5% serum or 10% BAL fluid obtained from OVA-sensitizedpenicillin G, 0.2 mg/ml streptomycin, and 24 mM HEPES (Gibco-

mice. After 24 h, the supernatants were assessed for in-BRL) in standard tissue culture conditions. Fifty microliters of the
creased T cell chemoattractant activity. As shown in Figuresmigrating cell suspension (6 � 106/ml) was placed in the upper
1A and 1C, there was no detectable increase in chemoattrac-compartments of 48-well microchemotaxis chambers separated

from 32 �L of test samples by 8-�m micropore nitrocellulose tant activity. Because vasoactive amine challenge of epithe-
filters (Neuroprobe, Cabin John, MD) and were incubated in tissue lial cells derived from individuals with asthma had been
culture conditions for 2 h. After migration, filters were fixed, shown to induce secretion of IL-16 (21), the cells were then
stained with hematoxylin, dehydrated, and then mounted on glass cultured in the presence of serum or BAL for 24 h, followed
slides. Cell migration was quantified by counting the total number

by a 2-h stimulation by 5-HT (10�6 M). Under these condi-of cells migrating beyond a certain depth, using light microscopy.
tions LA-4 cells cultured with serum or BAL from sensitizedThe depth was set to routinely give a baseline migration under
mice followed by 5-HT stimulation generated significantcontrol conditions of 10–15 cells/hpf. To assess specificity for IL-16
chemoattractant activity. There was no increase in chemo-and RANTES, supernatants were incubated for 20 min with

anti–IL-16 or anti-RANTES Ab before chemotaxis assay. There attractant activity in cultures treated with BAL or serum
is no detectable cross-neutralization between anti–IL-16 and anti- from unsensitized (control) mice. As airway epithelial cells
RANTES Ab (22, 29). Five high-power fields were counted in can generate a number of chemoattractant cytokines, activ-
duplicate for each sample, means determined, and expressed as a ity attributable to IL-16 was established by co-incubationpercent of cell migration elicited by unconditioned media alone.

with neutralizing concentrations of anti–IL-16 antibody inExperiments were performed in triplicate or quadruplicate, and
the chemotaxis assay. As depicted in Figures 1A and 1Cresults expressed as mean � SEM. Two-tailed unpaired Student’s
for serum and BAL, respectively, the presence of anti–IL-t tests were performed using StatviewSE � Graphics software

(Abacus Concepts, Berkeley, CA), with Type I error probabilities 16 antibody reduced the overall migratory effect by � 50%,
(P ) noted in figure legends. indicating that IL-16 was inducing about half of the total

migratory effect seen in the supernatants. The majority
of the residual activity was attributable to RANTES, as

ELISAs determined by the addition of anti-RANTES antibody to
IL-16 ELISAs were conducted as previously described (30). On a the chemotaxis assay (data not shown).
96-well microtitre plate (Nunc, Naperville, IL), Ab 14.1 was plated A limited number of cytokines (IL-9 and TNF-�) have
as capture Ab followed by blocking with 1% bovine serum albumin been reported to induce IL-16 production from resting epi-
(Intergen) in PBS. Standards were generated by serial dilutions thelial cells. To initially characterize whether either of theseof rmIL-16 in PBS. Samples and standards were plated in duplicate

cytokines were contributing to IL-16 production, serum andand incubated at 37�C for 1 h. Between each step, wells were
BAL fluid from sensitized mice were combined with neu-washed five times with PBS/0.05% Tween-20. Biotinylated poly-
tralizing concentrations of either anti–IL-9 or anti–TNF-�clonal anti–IL-16 Ab (10 �g/ml; R&D Systems) diluted in PBS

containing 0.05% Tween-20 was added as detection Ab. The pres- Ab. After 24 h, 5-HT was added to the cultures for 2 h
ence of an IL-16/anti–IL-16 complex was detected by incubation before harvesting supernatants for chemotaxis assay. As
for 1 h with peroxidase-labeled streptavidin, development with shown in Figures 1B and 1D, the addition of anti–TNF-�
peroxide-based chromogen, and stopped with 1 M phosphoric acid. antibody resulted in a 60% reduction in total T cell chemo-
The lower limit of detection for IL-16 was 15 pg/ml. TNF-� ELISA

attractant activity for both serum and BAL. The addition of(BioSource International, Camarillo, CA) was performed ac-
anti–IL-16 antibody in the chemotaxis assay further reducedcording to the manufacturer’s instructions. The lower limit of de-
the migratory response, indicating that although TNF-�tection for TNF-� was 10 pg/ml.
appeared to be the major component, other factor(s) were
also contributing to the production of IL-16. The addition

Determination of Cellular Caspase-3 Activity of anti–IL-9 antibody did not alter the migratory effect
(data not shown), indicating that IL-9 was not involved inLA-4 cell caspase-3 activity following TNF-� stimulation was de-

termined by cell lysates’ ability to release a fluorescent marker the priming effect.
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Figure 2. Synthesis and se-
cretion of IL-16 by TNF-
�–stimulated LA-4 cells.
LA-4 cells were stimulated
with a dose range of TNF-�
for 24 h, supernatants har-
vested, and cells lysed by
sonication in media con-
taining protease inhibitors.
Supernatants (A ) and a
1:10 cell lysate diluted with
media (B ) were subjected
to T cell chemotaxis in
the absence (solid bars) or
presence (open bars) or
anti–IL-16 Ab. Data rep-
resented are means of
four separate experiments.
*P 	 .05 versus control
migration (designated as
100%); #P 	 .05 versus su-
pernatant or lysate without
addition of neutralizing

Figure 1. Priming of LA-4 cells by serum and BAL from OVA- anti–IL-16 Ab.
sensitized mice for serotonin-stimulated release of T cell chemo-
attractant activity. Serum and BAL fluid were harvested from
BALB/c mice intraperitoneally injected with OVA-alum (Sens) or
saline (Con). LA-4 cells were stimulated with 5% serum or 10%

total chemoattractant activity for both the 50 and 100 pg/mlBAL for 24 h with or without 5-HT added for the last 2 h as noted.
conditions, as determined by the addition of anti–IL-16Cell supernatants from serum-stimulated cells (A, dark bars) or
antibody (Figure 2A). The addition of anti-RANTES anti-BAL fluid–stimulated cells (C, dark bars) were collected and sub-

jected to T cell chemotaxis assay. Contribution of TNF-� to LA-4 body to the chemotaxis assay identified that the residual
cell activation was determined by incubation of serum (B ) or BAL chemoattractant activity was attributable to RANTES, a
fluid (D ) from sensitized mice with vehicle, anti–TNF-� Ab, or chemokine that has been previously identified in bronchial
isotype control Ab before LA-4 cell treatment and 5-HT stimula- epithelium (23, 31) (data not shown).
tion. In all experiments, contribution of IL-16 to total migratory

The discrepancy in the dose response for IL-16 produc-response was determined by the addition of anti–IL-16 Ab during
tion, in combination with the observation that 5-HT wasthe chemotaxis assay (open bars). Data represented are means �
required to induce secretion of IL-16 following low doses ofSEM from triplicate experiments. *P 	 .05 versus control migration

(media alone, designated as 100%); %P 	 .05 versus isotype control TNF-�, suggested that under certain circumstances airway
Ab-incubated serum/BAL; #P 	 .05 versus without IL-16 neutraliz- epithelial cells can generate IL-16 without concomitant se-
ing Ab. cretion (6, 8, 21). To determine whether the low concentra-

tions of TNF-� observed in the serum and BAL fluid of
sensitized mice could induce the synthesis and storage of
IL-16, cell lysates were collected in parallel with the super-

We next determined whether TNF-� was elevated sys- natants described in Figure 2A and were assessed for IL-16
temically and in the BAL fluid of OVA-sensitized mice.

bioactivity following 24 h of TNF-� stimulation. In contrastTNF-� was detected in the sera of sensitized mice at a
to supernatants, cell lysates contained IL-16 bioactivity re-concentration of 23 � 8 pg/ml. TNF-� was not detected by
sulting from 1 pg/ml TNF-� (Figure 2B). The amount ofELISA in either BAL fluid from sensitized mice or in the
IL-16 bioactivity and protein, detected in association withserum or BAL fluid from unsensitized mice.
cell lysates, peaked with the 10 pg/ml concentration of
TNF-� and decreased with higher concentrations. This cor-Induction of IL-16 Generation by TNF-� in LA-4 Cells
relates with an increase in detectable chemoattraction ob-There appeared to be a mechanistic difference in the gener-
served in the supernatants with higher concentrations ofation of IL-16 between high doses of TNF-� (100 ng/ml)
TNF-� stimulation, suggesting that lower concentrations of(24) and lower concentrations found in serum (20 pg/ml)
TNF-� can stimulate synthesis of IL-16 without detectablein the current study. To further characterize the response
release. Higher concentrations induce synthesis and release,of murine BEC to direct stimulation with TNF-�, LA-4
resulting in less intracellular IL-16. Quantification of bothcells were stimulated in a dose-dependent fashion with re-
secreted and intracellular IL-16 is depicted in Table 1. Thecombinant murine TNF-� for 24 h. The supernatant was
cause of slightly lower levels of T cell chemoattractant activ-assessed for chemoattractant activity of human T cells. As
ity in cell lysates compared with supernatants is unclear,shown in Figure 2A, TNF-� alone induced an increase in
but is presumably due to the presence of inhibitory proteinschemoattractant activity from LA-4 cells at concentrations

of 50 pg/ml or greater. IL-16 represented at least 50% of and/or proteases in whole-cell sonicates.
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TABLE 1

Generation of IL-16 by LA-4 cells stimulated with TNF-�*

Concentration of TNF-�
(pg/ml)

0 1 10 50 100

IL-16 pg/ml Intracellular† ND 63 � 12 117 � 34 31 � 17 20 � 18
Secreted‡ ND ND ND 77�/�23 138 � 41

Definition of abbreviations: IL, interleukin; ND, none detected; TNF-�, tumor necrosis factor-�.
* LA-4 cells were stimulated with varying concentrations of TNF-� for 24 h before assessing for IL-16 or RANTES protein by ELISA.
† Intracellular proteins were obtained by sonication at 4�C in the presence of protease inhibitors.
‡ Cell supernatants were obtained by aspiration of culture wells and centrifugation (500 � g for 10 min) to remove all cells and cellular debris.

Requirement of Caspase-3 Activity for Generation of 5-HT did result in significant levels of T cell chemoattractant
activity in the cell supernatant. Co-incubation of superna-Bioactive IL-16
tant with neutralizing anti–IL-16 antibody resulted in aIn T cells and fibroblasts, IL-16 processing by caspase-3 is
50–60% loss of chemoattractant activity, indicating that arequired for generation of bioactive IL-16 (28, 30). To assess
majority of the activity was attributable to IL-16. To deter-whether the intracellular generation of IL-16 at TNF-�
mine whether 5-HT was inducing de novo synthesis of pro-doses that were insufficient to elicit secretion (depicted in
tein or acting solely as a secretagogue for preformed pro-Figure 2B) was dependent on caspase-3, cells were incu-
tein, LA-4 cells were stimulated with TNF-� for 24 h andbated with either Ac-DEVD-CHO (100 �M), a specific
then incubated with cycloheximide (20 �g/ml for 2 h) beforecaspase-3 inhibitor, or Ac-YVAD-CHO (100 �M), a spe-
5-HT stimulation. Cycloheximide-treated cells secreted com-cific caspase-1 inhibitor, for 24 h before stimulation. Cells
parable levels of bioactivity as untreated cells when stimu-were then stimulated for 24 h with TNF-� 1 pg/ml in the
lated with TNF-� followed by 5-HT stimulation, indicatingpresence or absence of caspase inhibitors, and sonicates
that de novo protein synthesis was not induced by 5-HTharvested and subjected to T cell chemotaxis assay. As
stimulation. To demonstrate that the cycloheximide wasdepicted in Figure 3A, the caspase-3 inhibitor peptide Ac-
efficiently blocking protein synthesis, cells were treated withDEVD-CHO abrogated generation of intracellular IL-16.

Peptide Ac-DEVD-CHO alone had no effect on the cell
migration assay, and higher doses of TNF-a (50 pg/ml) did
not override caspase-3 inhibition with respect to secretion
of IL-16 (data not shown). To confirm that low-dose TNF-� Figure 3. Contribution of cas-

pase-3 to epithelial cell prim-stimulation of LA-4 cells induces increase in caspase-3 activ-
ing by TNF-�. (A ) Effect ofity, caspase-3 activity was measured directly in cell lysates
caspase-specific inhibitor pep-after 3 h of a dose range of stimulation with TNF-� (Fig-
tides on the synthesis of IL-16ure 3B).
by low-dose TNF-�–stimulatedAs a control for nonspecific inhibitory effect of anti- epithelial cells. LA-4 cells were

caspase peptides, supernatants were assayed for chemo- stimulated for 24 h with either
attractant activity attributable to RANTES, a product of TNF-� alone, or in the pres-
airway epithelial cell stimulation (23). Incubation of super- ence of 100 uM caspase-3–
natants with anti-RANTES antibody 15 min before the and -1–specific peptides DEVD

or YVAD, respectively. Theassay significantly reduced T cell chemotaxis (not depicted),
sonicates were then assessedconfirming that the inhibition by caspase inhibitors was
for T cell migration eitherspecific to IL-16.
alone (solid bars) or in the pres-
ence of anti–IL-16 antibodyEffect of Serotonin Stimulation on TNF-�–Treated Cells
(open bars). (B) Dose response

Data presented in Figure 1 demonstrated that 5-HT stimula- to TNF-� on caspase-3 activity
tion induced secretion of IL-16 following exposure to serum in LA-4 cell. Cells were stimu-
or BAL fluid containing TNF-�. We next wanted to charac- lated for 3 h with diluent and

a dose range of TNF-� beforeterize the relationship between the priming effect of TNF-�
cell lysis and determination ofand the secretagogue effect of 5-HT. For these studies, cells
caspase-3 activity as describedwere incubated with TNF-� (1 pg/ml) or 5-HT (10�6 M)
in Materials and Methods.for 24 h or with TNF-� for 24 h before the addition of
Data represented are means of5-HT for an additional 2 h. Supernatants were assessed for three or more separate experi-

chemoattractant bioactivity. As shown in Figure 4, stimula- ments. *P 	 .05 versus no in-
tion by TNF-� or 5-HT for 24 h did not result in the release hibitor; #P 	 .05 versus super-
of any detectable T cell chemoattractant activity. However, natant without addition of

neutralizing anti–IL-16 Ab.cells incubated for 24 h with TNF-� followed by 2 h of
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Figure 5. Identification of seroto-Figure 4. Priming effect of
TNF-� for serotonin stimu- nin receptor subclass responsible

for mediating LA-4 cell respon-lation. LA-4 cells were
stimulated with TNF-� (1 siveness. LA-4 cells were stimu-

lated with TNF-� (1 pg/ml) forpg/ml) or serotonin (5-HT,
10�6 M) for 24 h (Stimulus 24 h followed by serotonin (5 HT

10�6 M) for 2 h either alone or1) followed by 2 h of addi-
tional TNF-� (1 pg/ml) or in the presence of methiopthepin

(10�6 M), LY53857 (10�6 M), ket-5-HT (10�6 M) (Stimulus
2), as indicated. In separate anserin (10�8 M), or pindopind-5-

HT1a (5 � 10�6 M). Supernatantsstudies LA-4 cells were
stimulated with TNF-� for were harvested and assessed for
24 h, with cycloheximide T cell chemoattractant activity.

Data represented are means of(20 �g/ml) added for the last 4 h and 5-HT 2 h before harvest.
three separate experiments. *P 	Supernatants were harvested and assessed for T cell chemoattrac-

tant activity either alone (solid bars) or in the presence of anti– .05 versus TNF-�/5-HT without
receptor inhibitors.IL-16 antibody (open bars). Data represented are means of four

separate experiments. *P 	 .05 versus control cells (designated as
100%); #P 	 .05 versus supernatant without addition of neutralizing
anti–IL-16 Ab.

1 h before BAL with PBS. The BAL fluid was concentrated
10-fold and then subjected to T cell chemotaxis assay. As
demonstrated in Figure 6, the BAL fluid from OVA-sensi-

cycloheximide before stimulation with TNF-� (50 pg/ml) tized mice challenged with 5-HT contained T cell chemo-
for 24 h. Under this condition, no chemoattractant activity attractant bioactivity, the majority of which was attributable
was detected in the cell supernatant (data not shown). These to IL-16. Neither 5-HT–challenged unsensitized nor saline-studies indicate that 5-HT is acting solely as a secretagogue

challenged sensitized mice had detectable IL-16 in 10-foldfor IL-16 secretion.
concentrated BAL fluid. This data supports the conceptPrevious studies demonstrating secretion of preformed,
that sensitization alone results in generation and storage ofbioactive IL-16 from human CD8� T cells identified that
bioactive IL-16 that is rapidly secreted following vasoactivethe serotonin S2 receptor was required (27). To determine
amine stimulation.whether 5-HT was interacting with the same subclass of

receptor, a panel of receptor antagonists was added to the
Discussioncultures before the addition of 5-HT. Epithelial cells were
Selective recruitment and activation of CD4� T cells atincubated with 5-HT in the presence of the nonspecific
sites of asthmatic inflammation occurs as a result of lung5-HT receptor antagonist methiopthepin (10�6 M), the type
cell–derived cytokines. A variety of cytokines are generated2 receptor antagonists LY53857 (10�6 M) or ketanserin
by lung cells; however, one cytokine in particular, IL-16, is a(10�8 M), or with the 5-HT type 1a receptor antagonist
ligand for CD4 and therefore acts on CD4� cells exclusivelypindopind-5-HT1a (5 � 10�6 M) for 24 h. None of the
(18, 32). Bellini and coworkers first reported the presenceantagonists had an effect on IL-16 generation, either alone
of IL-16 bioactivity associated with asthmatic epitheliumor in combination with TNF-� (50 pg/ml) stimulation (data
(21). They determined that primary epithelial cells derivednot shown). In the presence of TNF-� (1 pg/ml) in com-
from individuals with asthma cultured in the presence ofbination with 5-HT stimulation, release of all chemoattrac-
histamine released IL-16; however, no IL-16 bioactivity wastant activity was completely blocked by methiopthepin,

LY53857, and by ketanserin (Figure 5). In the presence of detected before histamine stimulation. Using immunohisto-
pindobind, the T cell migratory response was identical to
that induced by serotonin alone. Taken together, this data
indicates that stimulation of epithelial cells with lower con-
centrations of TNF-� results in generation of processed Figure 6. Effect of in vivo local
and stored IL-16, which is secreted following interaction of serotonin challenge on airway
serotonin with its type 2 (S2) receptor. secretion of IL-16. Unsensi-

tized (Con.) and OVA-sensi-
Serotonin Airway Challenge of Sensitized Mice Results in tized (Sens.) mice were intratra-
IL-16 Secretion cheally challenged with saline or

5-HT and BAL harvested 1 hAsthmatic epithelium in humans contains bioactive IL-16
later as described in Materialsthat has been shown to be secreted following stimulation
and Methods. Ten-fold concen-with vasoactive amines (8). Similar to humans, airway epi-
trated BAL fluid samples were

thelium of antigen-sensitized mice express intracellular subjected to T cell chemotaxis
IL-16. To determine whether 5-HT alone could induce assay without (dark bars) or with (open bar) IL-16 neutralizing
IL-16 secretion in vivo, OVA-sensitized mice were chal- Ab. Data represented are means of two experiments. *P 	 0.05
lenged directly with either 5-HT or with PBS. Mice were versus control migration (media alone, designated as 100%); #P 	

.05 versus without IL-16 neutralizing Ab.intratracheally challenged with 10�7 M 5-HT (100 �l) for



360 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 28 2003

chemical staining and in situ hybridization of lung tissue cells, as neutralizing antibodies had no effect. This observa-
tion is consistent with the findings that TH2 cytokine produc-obtained from individuals with asthma, these initial obser-

vations identifying that airway epithelial cells contained tion in the lung is not detected until after antigenic challenge
(5). This suggests that IL-9 generated in conjunction withhigh levels of IL-16 message and protein were confirmed

(6). This study also highlighted the concept that elevated secondary challenge is capable of further upregulating
IL-16 production. It is conceivable that 5-HT producedlevels of IL-16 expression by airway epithelial cells in vivo

were asthma-specific, as tissue obtained from normal or by activated mast cells in response to antigenic challenge
induces a rapid release of stored IL-16, and that IL-9 stimu-atopic individuals without asthma only expressed sporadic

pockets of low levels of both IL-16 message and protein lation would function to further upregulate de novo synthe-
sis of IL-16 protein.(6). This same specificity appears to exist in mice. IL-16

staining in the lungs of control, unsensitized mice had unde- This mechanism for IL-16 synthesis, processing, and re-
lease is similar to the mechanism identified in CD8� Ttectable IL-16 protein, whereas the epithelium from OVA-

sensitized mice contained detectable levels of IL-16 (22). cells. CD8� T cells express constitutive IL-16 mRNA and
pro–IL-16 protein, as well as constitutively active caspase-3.However, whereas IL-16 is readily detected in the BAL

fluid of individuals with asthma or that of sensitized mice The result is the constitutive expression and storage of
bioactive IL-16 (26, 27). Vasoactive amine stimulation re-as early as 2–6 h following antigenic challenge, IL-16 is

not detected in the BAL fluid from either unchallenged sults in release of processed IL-16 independent of de novo
protein synthesis. A human epithelial cell line, BEAS-2B,individuals with asthma (7) or sensitized but unchallenged

mice (22). These findings suggest that cytokines generated has been shown to have constitutive IL-16 message with
histamine-inducible secretion of bioactive protein (24). As-during the sensitization phase induce epithelial cell synthe-

sis, but not secretion, of IL-16. IL-16 is then released from sessment of unstimulated cell lysates identified the presence
of stored bioactive IL-16 in this cell line (unpublished obser-the epithelium following airway challenge with allergen or

vasoactive amine stimulation. vations). These observations are consistent with the findings
that histamine challenge of individuals with asthma resultsCytokines which induce epithelial cell–derived IL-16,

and the mechanism by which epithelial cells synthesis and in secretion of IL-16, as detected in the BAL fluid. Unlike
the BEAS-2B cell line, which may display an asthmatic-secrete IL-16, are currently not well understood. To better

understand the process of IL-16 generation in the lung, we like phenotype, the epithelial cell line used for our studies
appears to be similar to primary epithelial cells found inused a murine system to investigate the apparent two-step

mechanism for IL-16 production and secretion in vivo. We individuals without asthma. These cells do not contain con-
stitutively expressed IL-16, and are unresponsive to vaso-chose to determine the effects of TNF-� and IL-9 on epithe-

lial cell priming because reports have indicated that these active amine stimulation unless primed with cytokines such
as TNF-�.cytokines can induce synthesis and secretion of IL-16 (23,

24). We detected elevated levels of TNF-� in the serum of Confirmation of the involvement of TNF-� in the induc-
tion of IL-16 in vivo was established using sera and BALsensitized mice. These levels, however, were far below those

reported to induce IL-16 protein production and secretion fluid isolated from OVA-sensitized mice. Stimulation of
LA-4 cells by the OVA-sensitized sera or BAL fluid resultedin vitro (24). They were sufficient, however, to induce gener-

ation of bioactive IL-16. At this concentration of TNF-�, in priming of the epithelial cells that were induced to release
bioactive IL-16 with subsequent 5-HT stimulation. Inhibi-IL-16 was not secreted into the supernatant, but was de-

tected upon cell lysis or stimulation with 5-HT. The pres- tion of TNF-� did not completely eliminate generation of
these cytokines, indicating that other factors containedence of bioactive IL-16 contained within the cell with no

detectable secretion is similar to what is observed in the within the serum or BAL fluid could also prime for IL-16
production and secretion. The ability of TNF-� to induceepithelium of an asthmatic or sensitized but unchallenged

mouse. IL-16 is then secreted following stimulation with IL-16 priming is consistent with other studies identifying
its presence in BAL fluid from individuals with asthma (33,5-HT. Serotonin, acting though the S2 receptor, appears to

function in this system primarily as a secretagogue, as alone 34) and its ability to induce synthesis of epithelial cell–
derived IL-6 (24), eosinophil chemotactic activity (ECA)it was not sufficient to induce IL-16 production either in

vitro in LA-4 cell cultures or in vivo as assessed in BAL fluid (35), and expression of ICAM-1 (36). Despite the similari-
ties between in vivo and in vitro observations, our findingsfrom unsensitized mice. In addition, inhibition of protein

synthesis in vitro had no effect on 5-HT–induced IL-16 should be interpreted in light of the fact that LA-4 cells
are from a cell line and may not respond identically torelease. These findings have two implications. The first is

that systemic sensitization alone is sufficient to induce gen- primary cells.
The primary source(s) of TNF-� affecting the airwayeration of IL-16 in the airway epithelium, likely through

the generation of immune-related cytokines, such as TNF-�. epithelium has not been identified; B cells, T cells, and
macrophages activated during the sensitization phase areThe second implication is that the epithelium is capable

of synthesizing, processing, and storing bioactive IL-16 in likely candidates. Gajewska and coworkers report that there
is a significant increase in B cell numbers in the thoracicresponse to an initial stimulation, which is then secreted

with a secondary stimulus. lymph nodes following sensitization alone (5). It is possible
that these B cells, activated in response to the sensitizationWe have reported previously that the TH2 cytokine IL-9

stimulation results in epithelial cell generation of IL-16 (23). phase, generate the increased TNF-� levels detected in the
sera from these mice, which we demonstrate to be sufficientIL-9 does not appear to be involved with priming epithelial
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interleukin-16 (lymphocyte chemoattractant factor) and macrophage in-to induce IL-16 production. The potential involvement of
flammatory protein 1 � (MIP1 �) in bronchoalveolar lavage fluid of

5-HT in the in vivo release of IL-16 was also demonstrated. antigen-challenged asthmatics. Am. J. Respir. Cell Mol. Biol. 13:738–747.
8. Mashikian, M. V., R. E. Tarpy, J. J. Saukkonen, K. G. Lim, G. D. Fine,IL-16 bioactivity was detected in the BAL fluid of sensitized

W. W. Cruikshank, and D. M. Center. 1998. Identification of IL-16 asmice challenged with 5-HT for 60 min before BAL. The the lymphocyte chemotactic activity in the bronchoalveolar lavage fluid
lack of IL-16 detected from sensitized mice challenged with of histamine-challenged asthmatic patients. J. Allergy Clin. Immunol. 101:

786–792.saline, or from unsensitized mice challenged with 5-HT,
9. Cruikshank, W. W., J. S. Berman, A. C. Theodore, J. Bernardo, and D. M.indicates the requirement of both priming and secondary Center. 1987. Lymphokine activation of T4� T lymphocytes and mono-

cytes. J. Immunol. 138:3817–3823.stimulation. A similar priming effect by OVA sensitization
10. Parada, N. A., D. M. Center, H. Kornfeld, W. L. Rodriguez, J. Cook, M.has been reported for generation TH2 cytokines in the lymph

Vallen, and W. W. Cruikshank. 1998. Synergistic activation of CD4� T
nodes (5). cells by IL-16 and IL-2. J. Immunol. 160:2115–2120.

11. Theodore, A. C., D. M. Center, J. Nicoll, G. Fine, H. Kornfeld, and W. W.The importance of epithelial cell priming resulting in
Cruikshank. 1996. CD4 ligand IL-16 inhibits the mixed lymphocyte reac-storage of IL-16 is not clearly understood. One might hy- tion. J. Immunol. 157:1958–1964.

pothesize that this would facilitate a rapid response mecha- 12. Cruikshank, W. W., K. Lim, A. C. Theodore, J. Cook, G. Fine, P. F. Weller,
and D. M. Center. 1996. IL-16 inhibition of CD3-dependent lymphocytenism induced by mast cell release of vasoactive amines
activation and proliferation. J. Immunol. 157:5240–5248.

following allergen provocation. Indeed, allergen challenge 13. Van Drenth, C., A. Jenkins, L. Ledwich, T. C. Ryan, M. V. Mashikian, W.
Brazer, D. M. Center, and W. W. Cruikshank. 2000. Desensitization ofof individuals with asthma results in IL-16 protein, detected
CXC chemokine receptor 4, mediated by IL-16/CD4, is independent ofin the BAL fluid, as early as 4–6 h (7, 8). The response may p56lck enzymatic activity. J. Immunol. 165:6356–6363.

be more rapid, but earlier time points have not as yet been 14. Wu, D. M., Y. Zhang, N. A. Parada, H. Kornfeld, J. Nicoll, D. M. Center,
and W. W. Cruikshank. 1999. Processing and release of IL-16 from CD4�reported. Histology studies have indicated that IL-16 pro-
but not CD8� T cells is activation dependent. J. Immunol. 162:1287–1293.tein levels in the epithelium are further upregulated follow- 15. Lim, K. G., H. C. Wan, P. T. Bozza, M. B. Resnick, D. T. Wong, W. W.
Cruikshank, H. Kornfeld, D. M. Center, and P. F. Weller. 1996. Humaning antigenic challenge (37). It is likely that other factors
eosinophils elaborate the lymphocyte chemoattractants. IL-16 (lympho-produced during antigenic stimulation, such as IL-9 (23) or
cyte chemoattractant factor) and RANTES. J. Immunol. 156:2566–2570.

increased levels of TNF-�, act to facilitate synthesis and 16. Rumsaeng, V., W. W. Cruikshank, B. Foster, C. Prussin, A. S. Kirshenbaum,
T. A. Davis, H. Kornfeld, D. M. Center, and D. D. Metcalfe. 1997. Humansecretion of IL-16.
mast cells produce the CD4� T lymphocyte chemoattractant factor,Our understanding of the role of IL-16 in asthmatic IL-16. J. Immunol. 159:2904–2910.

inflammation is expanding but incomplete. In vitro, it has 17. Kaser, A., S. Dunzendorfer, F. A. Offner, T. Ryan, A. Schwabegger, W. W.
Cruikshank, C. J. Wiedermann, and H. Tilg. 1999. A role for IL-16 in thebeen shown to downregulate activation induced by T cell
cross-talk between dendritic cells and T cells. J. Immunol. 163:3232–3238.

receptor signaling (11, 12, 18) as well as to alter the chemo- 18. Cruikshank, W. W., D. M. Center, N. Nisar, M. Wu, B. Natke, A. C. Theo-
dore, and H. Kornfeld. 1994. Molecular and functional analysis of aattractant activity of certain chemokines (13, 38). Mean-
lymphocyte chemoattractant factor: association of biologic function withwhile, IL-16 is a potent chemoattractant for eosinophils CD4 expression. Proc. Natl. Acad. Sci. USA 91:5109–5113.

(15, 39). The presence of IL-16 in asthmatic bronchi would 19. Liu, Y., W. W. Cruikshank, T. O’Loughlin, P. O’Reilly, D. M. Center, and
H. Kornfeld. 1999. Identification of a CD4 domain required for interleu-therefore implicate the airway epithelial cell in the orches-
kin-16 binding and lymphocyte activation. J. Biol. Chem. 274:23387–tration of CD4� T cell-dependent allergic inflammation. 23395.
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