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Localization of Type I Interferon Receptor Limits 
Interferon-Induced TLR3 in Epithelial Cells

Jonathan M. Ciencewicki,1 Luisa E. Brighton,2 and Ilona Jaspers 2,3

Previous studies have shown that infl uenza infections increase Toll-like receptor 3 (TLR3) expression and that 
type I interferons (IFNs) may play a role in this response. This study aimed to expand on the role of type I IFNs 
in the infl uenza-induced upregulation of TLR3 and determine whether and how the localization of the IFN-α/β 
receptor (IFNAR) in respiratory epithelial cells could modify IFN-induced responses. Using differentiated pri-
mary human airway epithelial cells this study demonstrates that soluble mediators secreted in response to infl u-
enza infection upregulate TLR3 expression in naive cells. This response was associated with an upregulation of 
type I IFNs and stimulation with type I, but not type II, IFNs enhanced TLR3 expression. Interestingly, although 
infl uenza infection results in IFN-β release both toward the apical and basolateral sides of the epithelium, TLR3 
expression is only enhanced in cells stimulated with IFN-β from the basolateral side. Immunohistochemical 
analysis demonstrates that IFNAR expression is limited to the basolateral side of differentiated human airway 
epithelial cells. However, non- or poorly differentiated epithelial cells express IFNAR more toward the apical 
side. These data demonstrate that restricted expression of the IFNAR in the differentiated airway epithelium 
presents a potential mechanism of regulating type I IFN-induced TLR3 expression.

Introduction

An integral role in the innate immune response to 
invading pathogens is played by Toll-like receptors 

(TLRs). These receptors are members of the superfamily of 
interleukin-1 receptors (IL-1R) and share homology in the cy-
toplasmic region referred to as the Toll/IL-1R (TIR) domain 
(Sen and Sarkar 2005). Toll-like receptors recognize con-
served pathogen-associated molecular patterns and binding 
of their respective ligands leads to the production of innate 
immune defense mediators as well as activation of the adap-
tive immune response (Aderem and Ulevitch 2000; Akira 
and others 2001; Janeway and Medzhitov 2002). Toll-like re-
ceptor 3 (TLR3) recognizes double-stranded RNA (dsRNA), a 
molecular pattern commonly associated with viral infection. 
Double-stranded RNA stimulates TLR3 signaling, which cul-
minates in the activation of numerous downstream signaling 
proteins and transcription factors and ultimately results in 
the production of proinfl ammatory cytokines and type I 
interferons (IFNs) (Alexopoulou and others 2001; Matsumoto 
and others 2002; Guillot and others 2005).

The respiratory epithelium is the target of a number of 
invading pathogens, including infl uenza. Once infected, 
these cells secrete various chemokines and cytokines, which 
elicit an innate antiviral response including the recruitment 
and activation of infl ammatory cells as well the production 
of a number of antiviral mediators to help limit the spread of 
infection to neighboring cells. Of these, type I IFNs play an 
important role in inducing an antiviral State in cells through 
their induction of numerous genes involved in viral defense, 
which helps to limit the infection until other responses are 
mobilized. The family of type I IFNs in humans includes 
IFN-α, β, ε, κ, and ω, of which IFN-α and β have been the 
most extensively studied and are known for their potent anti-
viral effects (Samuel 2001; Platanias 2005). The type I IFNs, 
including IFN-ω, all bind to a common receptor, the IFN-
α/β receptor (IFNAR) (Pestka 1997; Pestka and others 2004), 
which elicits a signaling cascade upon activation resulting 
in the transcription of IFN-stimulated genes (ISGs). The 
IFNAR is composed of 2 subunits (IFNAR1 and IFNAR2), 
which dimerize upon ligand binding. These subunits are 
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bronchial epithelial growth medium (Cambrex Bioscience 
Walkersville, Inc., Walkersville, MD) and then plated on col-
lagen-coated fi lter supports with a 0.4 μM pore size (Trans-
CLR; Costar, Cambridge, MA) and cultured in a 1:1 mixture 
of bronchial epithelial cell basic medium and Dulbecco’s 
modifi ed Eagles’s medium-H with SingleQuot supplements 
(Cambrex), bovine pituitary extracts (13 mg/mL), BSA (1.5 
μg/mL), and nyStatin (20 units). Upon confl uency, all-trans 
retinoic acid was added to the medium and air liquid inter-
face (ALI) culture conditions (removal of the apical medium) 
were created to promote differentiation. Mucociliary differ-
entiation was achieved after 21 to 30 days after ALI.

For some experiments, cells were treated with 1 μM of 
the tyrosine kinase inhibitor Jak inhibitor I (Calbiochem, La 
Jolla, CA).

Infection with infl uenza or treatment with IFNs

Throughout this study we used infl uenza A/
Bangkok/1/79 (H3N2 serotype) which was propagated in 
10-day-old embryonated hen’s eggs. The virus was collected 
in the allantoic fl uid and titered by 50% tissue culture infec-
tious dose in Madin–Darby canine kidney cells and hemag-
glutination as described before (Beck and others 2001). Stock 
virus was aliquoted and stored at −80°C until use. Unless 
otherwise indicated, for infection ~5 × 105cells were infected 
with ~128 (differentiated nasal epithelial cells and A549 cells) 
or 40 (differentiated bronchial epithelial cells) hemaggluti-
nation units of infl uenza A Bangkok 1/79, which resulted 
in ~10% of the cells being infected with infl uenza 24 h after 
infection. In some experiments, cells were treated with 1 
ng/mL of IFN-α, -β, -ω, or -γ (PBL Biomedical Laboratories, 
Piscataway, NJ), which was added directly to the cell culture 
medium.

In some experiments, mediators released toward the api-
cal or basolateral side by infl uenza-infected differentiated 
epithelial cells were examined. Media contained below the 
tissue culture inserts were used (see schematic in Fig. 1A) 
for basolaterally released mediators. Washing of the apical 
surface with 0.2 mL tissue culture media was used to collect 
apically released mediators.

RT-PCR

Total RNA was extracted using TRizol (Invitrogen) as 
per the supplier’s instruction. First-strand cDNA synthesis 
and real-time reverse transcriptase polymerase chain reac-
tion was performed as described previously (Jaspers and 
others 1999; Jaspers and others 2001). The mRNA analyses 
were performed using commercially available primer and 
probe sets (inventoried Taqman Gene Expression Assays) 
purchased from Applied Biosystems (Foster City, CA).

Western blotting

Whole cell lysates were prepared by lysing the cells in 
RIPA buffer containing 1% Nonidet P (NP)-40, 0.5% deoxy-
cholate, 0.1% sodium dodecyl sulfate (SDS), and protease 
inhibitors (Cocktail Set III; Calbiochem, San Diego, CA) fol-
lowed by brief sonication. Fifty micrograms of whole cell 
lysate was separated by SDS–polyacrylamide gel electropho-
resis, followed by immunoblotting using specifi c antibodies 
to TLR3 (1:500, Imgenex, San Diego, CA), or α-tubulin (1:1000, 

each associated with a member of the Janus-activated kinase 
(Jak) family (Ihle 1996; Darnell 1998), which are responsi-
ble for activating the downstream signaling proteins signal 
transducers and activators of transcription (Stats) (Darnell 
1998; Stark and others 1998). Once activated the Stat proteins 
form homodimers or heterodimers and act as transcription 
factors regulating the expression of a variety of ISGs (Samuel 
2001; Platanias 2005). While the importance of IFNAR in 
the expression of antiviral defense mediators goes without 
question, its expression and localization in the respiratory 
epithelium is not well known.

Both infl uenza infections and type I IFNs have been 
shown to upregulate TLR3 expression (Heinz and others 
2003; Guillot and others 2005; Tissari and others 2005). Virus-
induced IFN-β is known to play a role in a positive-feedback 
loop whereby viral infection causes increased expression of 
a number of other ISGs (Takaoka and Yanai 2006), as well as 
TLR3 (Tanabe and others 2003). However, the localization of 
the receptor for IFN-β (IFNAR) in the human airway epithe-
lium is not yet known. Previous studies have demonstrated 
that the expression and activation of the type II IFN receptor 
(IFNGR1) in the differentiated airway epithelium is limited 
to the basolateral (Humlicek and others 2007). The results 
shown here demonstrate that, as expected, infl uenza-in-
duced type I IFNs are linked with the upregulation of TLR3 
expression in infl uenza infected respiratory epithelial cells 
and that although infl uenza-infected airway epithelial cells 
release IFN-β to both the apical and basolateral side, only 
stimulation with IFN-β from the basolateral side increases 
the expression of TLR3. This was likely caused by the fact 
that because of its restricted localization, access to IFNAR is 
limited to stimulation from the basolateral side of differenti-
ated human airway epithelial cells.

Materials and Methods

Cell culture

A549 cells as well as differentiated human nasal and 
bronchial epithelial cells were obtained and cultured as 
described by us before (Jaspers and others 1999; Jaspers and 
others 2005; Ciencewicki and others 2006). Briefl y, A549 cells, 
a human pulmonary type II epithelial-like cell line were cul-
tured in F12K medium plus 10% fetal bovine serum and 1% 
penicillin and streptomycin (all from Invitrogen, Carlsbad, 
CA). For treatment with IFNs or infection with infl uenza, 
A549 cells were grown in 6- or 24-well plates. When the cells 
reached ~80% confl uency and ~18–24 h before exposure 
to IFNs or infection with infl uenza, the cell culture media 
was exchanged for serum-free F12K plus 1.5 μg/mL bovine 
serum albumin (BSA) plus antibiotics.

Primary human bronchial epithelial cells were obtained 
from healthy nonsmoking adult volunteers by cytologic 
brushing at bronchoscopy. Primary human nasal epithelial 
cells were obtained from healthy nonsmoking adult vol-
unteers by gently stroking the inferior surface of the turbi-
nate several times with a Rhino-Probe curette (Arlington 
Scientifi c, Arlington, TX), which was inserted through an 
otoscope with a large aperture. The protocols for the acqui-
sition of both primary human bronchial and nasal epithe-
lial cells were reviewed by the University of North Carolina 
Institutional Review Board. Both primary human bronchial 
and nasal epithelial cells were expanded to passage 2 in 
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and visualized using the GeneSnap software (Syngene). 
Densitometric analysis of the optical densities was per-
formed using GeneTools Software (Syngene).

Immunohistochemistry

Human tracheal tissue was obtained through a tissue 
procurement agency (Anatomic Gift Foundation, Hanover, 
MD) and embedded in paraffi n. Primary human bronchial 
epithelial cells on days 1, 6, and 29 after ALI were fi xed 
with 4% paraformaldehyde and embedded in paraffi n, as 
described before (Ross and others 2007). Five micron sections 
were placed on Superfrost/plus slides (Fisher Scientifi c) and 
stained for IFNAR using anti-IFNAR2 antibodies (1:10; Santa 
Cruz Biotechbnology, Santa Cruz, CA) or cilia using anti-
acetylated α-tubulin antibodies (1:800; Zymed). Following 
incubation with HRP-conjugated secondary antibodies, 
samples were washed with Tris-buffered saline and evalu-
ated under light microscopy.

ELISA

Basolateral media and apical washes were collected 24 h 
after infection and analyzed for IFN-β using commercially 
available enzyme-linked immunosorbent assay (ELISA) kits 
as per the supplier’s instructions (Fujirebio Inc., Tokyo, Japan)

Statistical analysis

Data are expressed as means ± SEM. For all of the stud-
ies using differentiated human nasal or bronchial epithe-
lial cells, a minimum of n = 5 different subjects were used. 
Raw data were analyzed using one-way analysis of vari-
ance followed by the Newman-Keuls post hoc test, or using 
t-tests to compare control and infected/treated groups. 
Data expressed as fold induction were analyzed using the 
Wilcoxon Signed Rank Test, assuming a theoretical mean of 
1.00 for the control group. A value of P < 0.05 was considered 
to be signifi cant.
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C FIG. 1. Effect of soluble mediators on Toll-like receptor 
3 (TLR3) expression. (A) Schematic of experimental de-
sign. Differentiated nasal or bronchial epithelial cells were 
infected with infl uenza. Basolateral (Basol.) media and api-
cal washes containing mediators released by epithelial cells 
were collected 24 h after infection. The conditioned medium 
was used to stimulate naïve epithelial cells from the baso-
lateral side for 8 h on which TLR3 mRNA expression was 
quantifi ed using real-time reverse transcriptase polymerase 
chain reaction (RT-PCR). (B) Toll-like receptor 3 (TLR3) 
mRNA expression in differentiated bronchial and nasal ep-
ithelial cells cultured in conditioned media from infl uenza-
infected epithelial cells and expressed as fold induction 
over TLR3 mRNA levels in epithelial cells cultured in con-
ditioned media from noninfected (control) epithelial cells. 
(C) Differentiated bronchial epithelial cells were treated 
with 1 μM of a Jak inhibitor or vehicle control before infec-
tion with infl uenza. Toll-like receptor 3 mRNA levels were 
then quantifi ed 24 h after infection using real-time RT-PCR. 
*Signifi cantly different from control, P < 0.05.

Santa Cruz Biotechnology, Santa Cruz, CA). Antigen–
antibody complexes were stained with anti-rabbit or anti-
mouse, horseradish peroxidase (HRP)-conjugated antibody 
(1:4000, Santa Cruz Biotechnology) and SuperSignal West 
Pico Chemiluminescent Substrate (Pierce, Rockford, IL). 
The chemiluminescent signals were acquired using a 16-bit 
CCD camera (GeneGnome system; Syngene, Frederick, MD) 
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or 1.0 ng/mL of IFN-β, which translates into 0, 40, and 400 
U/mL, and examined for changes in TLR3 mRNA levels 6 h 
afterwards. Figure 2A shows that IFN-β dose-dependently 
upregulates TLR3 mRNA levels. Time-course experiments 
showed that the IFN-β-induced increase in TLR3 mRNA 
levels was maximal between 4 and 6 h (Fig. 2B). Lastly, 
A549 cells were treated with 1 ng/mL of type I and II IFNs 
(IFN-α, β, ω, and γ) for 6 h upon which TLR3 mRNA expres-
sion was quantifi ed using real-time RT-PCR. All of the type 
I IFNs tested signifi cantly upregulated TLR3 mRNA, while 
IFN-γ caused a nonsignifi cant increase in the levels of TLR3 
mRNA (Fig. 2C). Based on these observations, all subsequent 
studies were conducted using 1 ng/mL IFNs and cells were 
examined 6 h afterwards for expression of TLR3.

Once it was confi rmed that type I IFNs could increase 
TLR3 expression in respiratory epithelial cells, the ability to 
enhance the expression of each of these type I IFNs in re-
sponse to infl uenza infection was quantifi ed 24 h after in-
fection. Levels of IFN-α, -β, and -ω mRNA were quantifi ed 
in infl uenza-infected differentiated bronchial (Fig. 3A) and 
nasal (Fig. 3B) epithelial cells using real-time RT-PCR. Levels 
of IFN-β and IFN-α mRNA were signifi cantly increased 
above control in both differentiated bronchial and nasal epi-
thelial cells 24 h after infection, while levels of IFN-ω mRNA 
were increased above control in differentiated bronchial ep-
ithelial cells, but not nasal epithelial cells (P = 0.06). The next 
objective was to confi rm and expand upon the IFN mRNA 
results and determine the directionality of IFN-β secretion 
by differentiated bronchial epithelial cells. Levels of IFN-β 
protein secreted to the apical and basolateral sides were 
quantifi ed in differentiated bronchial epithelial cells 24 h 
after infl uenza infection. Figure 3C shows that differenti-
ated bronchial epithelial cells secrete IFN-β toward both the 
apical and basolateral side in response to infl uenza infection 
in a dose-dependent manner.

Polarized response of pulmonary epithelial cells to 
IFN stimulation and localization of IFNAR

It is well known that the airway epithelium is polar-
ized, with the apical and basolateral sides having differ-
ent morphological as well as biochemical characteristics 
and functions and that this polarity is maintained in part 
by tight functional complexes. In addition, recent studies 
have demonstrated that localization and activation of cer-
tain cytokine receptors is limited to the basolateral side of 
differentiated airway epithelial cells (Humlicek and others 
2007). To determine whether there was polarized sensitivity 
to IFN-β stimulation, TLR3 mRNA levels were quantifi ed 
in differentiated bronchial epithelial cells treated for 6 h 
with 1 ng/mL of IFN-β from either the apical or basolateral 
side or a combination of both. Figure 4A shows that expres-
sion of TLR3 was increased only in cells receiving basolat-
eral IFN-β stimulation, either by itself or in combination 
with apical stimulation. In addition, we also added IFN-γ 
to both apical and basolateral sides and examined expres-
sion of TLR3. Similar to the results observed in Fig. 2C, 
addition of IFN-γ to the basolateral side of differentiated 
bronchial epithelial cells did induce a moderate increase 
in TLR3 mRNA levels, albeit not Statistically signifi cant. 
Analogous to the changes seen in TLR3 mRNA levels, TLR3 
protein levels increased ~2-fold upon stimulation with 

Results

Effect of soluble mediators released by infl uenza-
infected cells on TLR3 expression

Previous studies conducted in vitro using human pul-
monary epithelial cells and in vivo in mice have shown that 
infection with infl uenza causes increased expression of 
TLR3 (Guillot and others 2005; Le Goffi c and others 2006). 
However, to our knowledge it has not been shown if TLR3 
expression is only upregulated in infl uenza-infected cells or 
if noninfected neighboring cells are also upregulating TLR3 
in response to mediators released by infected cells. To deter-
mine whether mediators released by infected cells enhance 
TLR3 expression in a paracrine fashion, TLR3 mRNA was 
quantifi ed in cells, which were treated with conditioned 
media from infl uenza-infected cells (see schematic in Fig. 
1A). In this experiment, differentiated primary nasal, and 
bronchial (Fig. 1B) epithelial cells were fi rst infected with in-
fl uenza. Basolateral media only (nasal) or basolateral media 
and apical washes (bronchial) containing mediators re-
leased by infl uenza-infected epithelial cells were collected 
24 h after infection. The infection-conditioned medium was 
used to stimulate naive epithelial cells for 8 h upon which 
TLR3 mRNA expression was quantifi ed using real-time 
RT-PCR. To assure that no viral particles contaminated the 
conditioned medium and enhanced TLR3 expression in 
naive epithelial cells, viral infection was assessed, by deter-
mining the levels of infl uenza A hemagluttinin (HA) RNA 
using RT-PCR, as a marker of infl uenza virus level. Figure 
1B shows that differentiated nasal epithelial cells stimulated 
with virus-conditioned media had signifi cantly higher lev-
els of TLR3 mRNA than cells stimulated with conditioned 
media from noninfected control cells. Similarly, bronchial 
epithelial cells stimulated with conditioned media from the 
basolateral side or media used to wash the apical surface of 
previously infected bronchial cells signifi cantly enhanced 
levels of TLR3 mRNA (Fig. 1B). No residual infl uenza virus 
was left in either of the conditioned media and had infected 
these cells, thereby causing the upregulation of TLR3, which 
was assessed by analyzing the level of HA RNA in these 
cells using real-time RT-PCR (data not shown).

The next objective was to assess potential involvement 
of the type I IFN–signaling pathway in the infl uenza-
induced upregulation of TLR3. Binding of type I IFNs to 
the IFNAR elicits a signaling cascade involving Janus pro-
tein tyrosine kinases (Jaks). These kinases are responsible 
for phosphorylating and activating Stats, which ultimately 
leads to transcription of ISGs. To determine the role of 
Jak in infl uenza-induced TLR3 expression, differentiated 
bronchial epithelial cells were treated with vehicle control 
or 1 μM of a Jak inhibitor and TLR3 mRNA levels were 
quantifi ed 24 h after infection using real-time RT-PCR (Fig. 
1C). Cells treated with the vehicle control showed a large 
increase in TLR3 mRNA levels in response to infection, 
which was signifi cantly decreased in cells treated with the 
Jak inhibitor.

As Stated above, type I IFNs have been shown to upregu-
late TLR3 expression (Miettinen and others 2001; Siren and 
others 2005). To determine how different IFNs affect TLR3 
expression in respiratory epithelial cells, we used a respira-
tory epithelial cell line to screen the effects of different type 
I and type II IFNs. First, A549 cells were treated with 0, 0.1, 
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tissue in vivo. Figure 5A demonstrates that in contrast to cilia, 
which line the apical side of airway epithelial cells, expres-
sion of IFNAR is predominantly located on the basolateral 
side of human tracheal epithelial cells. Similarly, fully dif-
ferentiated bronchial epithelial cells in vitro express IFNAR 
predominantly toward the basolateral side (Fig. 5B, bottom 
panel). Interestingly, nondifferentiated bronchial epithelial 
cells (days 1 and 6 after ALI) express IFNAR more apically 
(Fig. 5B; top 2 panels). Morphological changes induced upon 
differentiation, including presence of cilia and columnar 
morphology of the cells is shown in Fig. 5C, which has also 
been described in more detail by us before (Ross and others 
2007).

IFN-γ and over 4-fold in differentiated bronchial epithelial 
cells stimulated with IFN-β from the basolateral side (Fig. 
4B). Thus, although stimulation with IFN-γ does increase 
TLR3 expression in bronchial epithelial cells, stimulation 
with IFN-β results in much greater augmentation of TLR3 
expression.

Given the polarized response of airway epithelial cells 
to IFN-β stimulation despite the fact that IFN-β is released 
toward both the apical and the basolateral side, it seemed 
likely that the observed responses were due to restricted 
expression of the INFAR in these cells. To test this hypoth-
esis IFNAR expression was immunohistochemically exam-
ined in airway epithelial cells in vitro and human tracheal 
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others 2005; Le Goffi c and others 2006), but the mechanism 
and potential limiting factors whereby this upregulation 
occurs had not been completely elucidated. The results of 
this study show that as expected infl uenza-induced upreg-
ulation of TLR3 in respiratory epithelial cells is associated 
with release of type I IFNs, which can act in a paracrine 
manner to induce TLR3 expression in neighboring cells. 
However, more importantly our data demonstrate that while 
IFN-β is secreted to both apical and basolateral sides of the 
epithelium, localization of the type I IFN receptor (IFNAR) 
limits access to the basolateral side, which is similar to pre-
vious studies identifying the limited localization and acti-
vation of the type II IFN receptor (IFNGR1) (Humlicek and 
others 2007). Together these data provide a potential mecha-
nism whereby the structural integrity of the host epithelium 
could regulate IFN-induced TLR3 expression in responses 
to viral infections.

The involvement of type I IFNs in the infl uenza-
induced upregulation of TLR3 is not surprising con-
sidering that the role of these cytokines is to induce the 
expression of genes involved in antiviral defenses. In 
order for type I IFNs to exert their effects they must bind 
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FIG. 3. Infl uenza-induced interferon (IFN) expression and 
release. Differentiated nasal and bronchial epithelial were 
infected with infl uenza and examined for IFN expression 
24 h after infection. (A) IFN-α, β, and ω mRNA levels in dif-
ferentiated bronchial epithelial cells and (B) IFN-α, β, and 
ω mRNA levels in differentiated nasal epithelial cells were 
quantifi ed using real-time reverse transcriptase polymerase 
chain reaction (RT-PCR). *Signifi cantly different from con-
trol, P < 0.05. (C) Levels of IFN-β protein secreted to the api-
cal and basolateral sides were quantifi ed by enzyme-linked 
immunosorbent assay in bronchial epithelial cells 24 h after 
infection with various doses of infl uenza.
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chial epithelial cells treated for 6 h with 1 ng/mL of either 
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Discussion

Previous studies have shown that infection with infl u-
enza results in enhanced TLR3 expression (Guillot and 
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airway epithelial cells was only observed in cells stimu-
lated with IFN-β from the basolateral side suggesting a 
polarized localization of IFNAR in airway epithelial cells. 
Immunohistochemical staining confi rmed that the apical 
surface was devoid of any IFNAR in fully differentiated 
bronchial epithelial cells in vitro and tracheal epithelium 
in vivo and was predominantly localized on the basolat-
eral side of the epithelium. This specialized localization 
of IFNAR in fully differentiated human airway epithelial 
cells is very similar to that of other receptors, including 
the receptors for type II IFNs, IL-4, and IL-9 (Humlicek 
and others 2007) as well as coxsackievirus and adenovirus 
receptor (CAR) (Cohen and others 2001). This restricted 
localization is part of the reason why adenovirus-medi-
ated gene transfer can only occur when the viral vector is 
added to the basolateral side or after disruption of the tight 
junctions (Pickles and others 1996; Pickles and others 1998) 
and why in vivo epithelial cells respond poorly to luminal 
stimulation with IFN-γ unless epithelial permeability is 
increased (Humlicek and others 2007). Similar to CAR and 
IFNGR1, the localization of IFNAR would clearly prevent 
access from the apical side and limit stimulation of IFNAR 
by type I IFNs from the basolateral side. Consequently, 
activation of IFNAR in an intact and healthy respiratory 
epithelium would be limited to type I IFNs secreted by 
epithelial cells to the basolateral side. However, dendritic 
cells, which produce a great deal of type I IFNs in response 
to viral infections, usually reside near the basolateral side 
of the epithelium (Stumbles and others 2003). Therefore, 
the basolateral access to IFNAR could play an important 
role during epithelial cell–dendritic cell communications 
following respiratory virus infections.

In addition, it is conceivable that under certain circum-
stances respiratory epithelial cells increase apical expression 
of the IFNAR or allow access of apically released IFNs to the 
basolateral side of the cell through changes in epithelial cell 
permeability. For example, chemically induced disruption of 
tight junctions signifi cantly enhances activation of CAR and 
IFNGR1 from either apical or basolateral side (Cohen and 
others 2001; Humlicek and others 2007). A similar regulatory 
mechanism is employed endogenously by airway epithelial 
cells to control binding of the growth factor heregulin to its 
receptors (Vermeer and others 2003). Under normal condi-
tions, heregulin, which is located on the apical surface, can-
not bind to its receptors, which are located on the basolateral 
membrane. However, when the integrity of the epithelium is 
compromised, such as during injury, heregulin can bind its 
receptors on the basolateral portion of the cell and promote 
repair of the damaged epithelium. In the case of INFAR and 
type I IFNs, epithelial cells may prevent excess stimulation 
under normal conditions through sequestration of receptor 
and ligand, but when virus-induced injury compromises 
epithelial integrity there may be a need for enhanced anti-
viral responses to prevent viruses from permeating the epi-
thelial barrier.

Interestingly, our analysis demonstrated that in non- or 
poorly differentiated bronchial epithelial cells in vitro IFNAR 
is predominantly localized toward the apical side. Thus, it 
is possible that differential expression of IFNAR over the 
course of epithelial cell differentiation confers different sus-
ceptibility to infl uenza-induced expression of TLR3 or other 
functional responses. This notion is supported by previous 
studies which have demonstrated that well-differentiated 
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FIG. 5. Localization of the interferon-α/β receptor (IFNAR) 
in epithelial cells. (A) Human tracheal tissue was stained with 
antibodies against IFNAR (top panel) and acetylated α-tubulin 
(bottom panel). Bronchial epithelial cells on Days 1, 6, and 29 
after air liquid interface were stained with (B) rabbit anti-
IFNAR antibodies or (C) hematoxylin and eosin (H&E) with 
arrows pointing at cilia covering the apical side. Sections were 
examined by light microscopy under 100× magnifi cation.

to the IFNAR, which then activates a signaling cascade 
that ultimately results in the induction of various ISGs. 
An increase in TLR3 expression in differentiated human 
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Air pollutants, such as cigarette smoke and diesel exhaust, 
enhance the severity of infl uenza infections and can also 
increase epithelial permeability (Olivera and others 2007). 
It remains to be examined whether chemical or pollutant-
induced disruption of epithelial integrity facilitates access 
to IFNAR and possibly other cytokine receptors whose 
localization is limited to the basolateral side (Humlicek and 
others 2007) and consequently enhances infl uenza-induced 
expression of TLR3 and TLR3-dependent infl ammation in 
the context of a viral infection.
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