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INTRODUCTION
Increasing evidence indicates that su-

perinflammation, a consequence of an
exacerbated innate immune response,
plays a critical role (1,2) in the rapid pro-
gression to adult respiratory distress syn-
drome (ARDS) following H5N1 infec-
tion; however, innate immune
mechanisms protect the infected host by
reducing the viral burden. Thus, an opti-
mal immune response is characterized
by a balance between efficient pathogen
clearance and an acceptable level of im-

munopathology (3,4). Tolerance to infec-
tion has recently been found to constitute
a distinct strategy of host defense that
limits tissue damage, facilitating a higher
magnitude and duration of the immune
response (5). The elucidation of the in-
ducible tolerance mechanism in response
to H5N1 infection will provide new ther-
apeutic strategies for severe lung dam-
age mediated by viral attack by attaining
an optimal immune response.

The mechanisms that typically main-
tain the homeostasis of various physio-

logical systems are likely to contribute to
host tolerance to infection (6,7). Cystic fi-
brosis transmembrane conductance regu-
lator (CFTR) is a cyclic adenosine
monophosphate (cAMP)-dependent Cl–

channel expressed at the apical mem-
brane of epithelial cells lining the tra-
cheobronchial tree. CFTR channels se-
crete Cl– and mucus simultaneously with
Ca2+ activated Cl– channels (CaCCs) (8)
and regulate the amiloride-sensitive ep-
ithelial Na+ channel (ENaC), constituting
the pathways that restrict Na+ and mucus
absorption (9). Coordinating the regula-
tion of the secretion and absorption of
NaCl and fluids and airway surface liq-
uid (ASL) homeostasis is crucial. Chang-
ing the salt and water composition of the
periciliary fluid causes isotonic dehydra-
tion of the airway surface, leading to an
impairment of mucociliary clearance. In
the case of the ΔF508-CFTR mutation, con-
stitutive nuclear factor-kappa B (NF-κB)
activation results in IL-8-mediated chronic
neutrophilic lung disease (10,11). Several
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investigators in the field believe that air-
way inflammation in CF is secondary to
persistent bacterial infection, which re-
sults from impaired mucociliary clear-
ance; however, recent evidence supports
the hypothesis that the dysregulation of
the inflammatory response is an intrinsic
component of the CF phenotype and that
airway inflammation may occur prior to
or in the absence of bacterial infection.
Moreover, numerous in vitro studies
using human epithelial CF and control
cell lines have confirmed that CFTR is an
important inflammatory regulator and
that CFTR mutations are associated with
both the constitutive activation of proin-
flammatory signaling, especially NF-κB,
in the absence of any apparent microbial
stimulus and the exaggerated responses
to bacterial products (12,13).

We previously demonstrated that expo-
sure to hemagglutinin (HA), the surface
glycoprotein of H5N1 that is indispensa-
ble for viral receptor binding, fusion,
transmission, virulence and pathology
(14–16), induced the activation of IFN-
 independent JAK/STAT and NF-κB in
pulmonary epithelial cells. This activation
was accompanied by the elevated secre-
tion of chemokines/cytokines, including
IP-10, IL-6, IL-8, MCP-1, MIP-1α, MIP-1β
and RENTES. Furthermore, Janus tyro-
sine kinase (JAK) 3, a member of the JAK
family of tyrosine kinases involved in cy-
tokine receptor-mediated intracellular
signal transduction, is a molecular deter-
minant in the H5N1 HA-induced dysreg-
ulated innate immune response. The inhi-
bition of JAK3 activation causes the
negative regulation of NF-κB signaling
(17); therefore, we speculated that H5N1
HA-stimulated NF-κB signaling may be,
at least in part, attributed to the distur-
bance of epithelial CFTR inflammatory
regulation, a host tolerance mechanism to
infection, via a JAK3 activation-
 dependent response. The present study
reveals for the first time that H5N1 HA
attachment to the airway epithelia stimu-
lates the JAK3 signaling cascade, leading
to the suppression of CFTR inflammatory
regulation and exaggerating innate im-
mune responses.

MATERIALS AND METHODS

Preparation of the HA Protein
The recombinant HA protein from

H5N1 (A/chicken/Guangdong/191/04,
GenBank: AY737289) was generated as
described previously (17).

Animal Models
B6129S4-Jak3tm1Lj (JAK3–/–) mice and

wild-type B6129SF2/J (JAK3+/+) mice 
(6 to 8 wks of age) are all from the
C57BL/6 mouse genetic background and
were purchased from the Jackson Labo-
ratory (Bar Harbor, ME, USA). JAK3 het-
erozygous knockout (JAK3+/–) mice were
generated by crossing JAK3–/– mice with
JAK3+/+ mice. Then, the genotypes were
identified via PCR. All mice were housed
at a constant temperature (20°C) with a
12-h light–dark photoperiod and allowed
food and water ad libitum. All procedures
were performed in compliance with the
National Institutes of Health–adopted
Guide for Care and Use of Laboratory Ani-
mals (18) and were approved by the
Bioethics Committee of State Key Labora-
tory of Respiratory Disease, Guangzhou
Medical University. JAK3+/+ mice were
intratracheally administered saline; HA
(1 mg/kg) with or without pretreatment
with either forskolin (10 mg/kg, Sigma-
Aldrich, St. Louis, MO, USA) or JAK3 in-
hibitor VI (0.15 mg/kg, Calbiochem,
Darmstadt, Germany) by intraperitoneal
(IP) injection; or HA (0.5 mg/kg) with or
without pretreatment with glibenclamide
IP injection (10 mg/kg, Sigma-Aldrich).
JAK3+/– mice were administered HA at a
dose of 1 mg/kg. Pulmonary
histopathology and immunostaining
were performed 12 h after the preceding
treatment.

Cell Culture and Treatment
Cultured 16HBE and calu-3 cells were

treated with saline, JAK3 inhibitor VI
(760 nmol/L), TLR4 inhibitor (candesar-
tan, 5 μmol/L, 3B Scientific Corporation,
Wuhan, China), forskolin (10 μmol/L) or
glibenclamide (500 μmol/L) for 30 min
prior to HA stimulation and then sub-
jected to different experiments. To test

Gαi-mediated inhibition of AC, 16HBE
cells were pretreated with IBMX 
(1 mmol/L, Sigma-Aldrich) and
forskolin and either HA alone or HA in
combination with IL-2 (100 UI/mL). In
some experiments, cells were pretreated
with pertussis toxin (100 ng/mL, Sigma-
Aldrich) for 16 h or a TLR4 inhibitor or
JAK3 inhibitor VI for 30 min.

CFTR-Dependent Short-Circuit 
Current Measurements

Tracheas of JAK3+/– or JAK3+/+ mice
that had or had not received JAK3 in-
hibitor VI and TLR4 inhibitor (100 mg/kg)
were pretreated with exposure of apical
membranes to H5N1 HA, and then
mounted in an Ussing chamber bathed
in Krebs-Henseleit (K-H) solution to per-
form short-circuit current assay by using
a VCC MC6 voltage-current clamp am-
plifier (VCC MC6, Physiologic Instru-
ment, San Diego, CA, USA). The data
were displayed on a signal collection and
analysis system (Acquire & Analyze Rev
II, San Diego, CA, USA) (19). Forskolin
(10 μmol/L) was used to induce anion
secretion via an increase in cAMP levels.
Cl– free KH solution was employed to
examine the effects on Cl– current. To in-
hibit electrically conductive Na+ trans-
port, amiloride (100 μmol/L) was added
in all studies.

Intracellular cAMP and Adenylyl
Cyclase (AC) Assays

cAMP and AC levels were measured
in cells using a cAMP assay kit (Assay
Designs Inc., Ann Arbor, MI, USA) and
an AC assay kit (Uscn Life Science Inc.,
Wuhan, China), respectively. The levels
were corrected to the total protein levels,
and the data were expressed as pico-
moles per milligram of protein.

Immunofluorescent Staining
Frozen lung tissue sections and cells

cultured on glass coverslips were sub-
jected to immunofluorescent staining for
evaluation of CFTR expression or NF-κB/
JAK3 activation using primary antibodies
against CFTR (Abcam, Cambridge, MA,
USA), phosphorylated NF-κBp65 (Cell
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Signaling Technology Inc., Beverly, MA,
USA) and phosphorylated JAK3 (Santa
Cruz Biotechnology, Santa Cruz, CA,
USA), respectively. The slides were then
incubated with species-matched fluores-
cent secondary antibodies and DAPI (for
nuclear staining). Images were captured
using a Nikon C1 Si confocal system
(Nikon Corporation, Tokyo, Japan).

Lung Histology
Lung histology was performed as pre-

viously described (17).

Luminex Assay
Cytokine and chemokine production

levels in supernatants were analyzed
using a Luminex assay LiquidChip sys-
tem (Panomics, Santa Clara, CA, USA) as
previously described (17).

Western Blot
Western blotting for examination of

JAK3 activity or CFTR expression was
performed as previously described (17).
The intensities of the relevant bands
were quantified using ImageJ software
(National Institutes of Health, Bethesda,
MD, USA).

Quantitative Reverse-Transcription
PCR (RT-PCR) Analysis

Cellular RNA was extracted and re-
verse transcribed to cDNA using the 
M-MLV first strand kit (Invitrogen, Life
Technologies [Thermo Fisher Scientific
Inc., Waltham, MA, USA]). Quantitative
real-time PCR was performed to evaluate
CFTR or TLR4 gene expression using
SYBR Premix Ex Taq II (TaKaRa, Dalian,
China). Fold changes of gene expression
were normalized to β-actin and were
quantified by the change-in-threshold
method (ΔΔCt). Primer sequences for the
genes of interest were designed using
TAKARA Biotechnology. The primer se-
quences are listed below:

CFTR forward primer, 5′-TTAAA GCTGT
CAAGCCGTGTTC-3′;

CFTR reverse primer, 5′-GCCAA TGCAA
GTCCTTCATCA-3′;

TLR4 forward primer, 5′-AGAAC
CTGGA CCTGAGCTTTAATC-3′;

TLR4 reverse primer, 5′-GAGGTGGCTT
AGGCTCTGATATG-3′;
β-actin forward primer, 5′-CCTGG

CACCCAGCACAAT-3′;
β-actin reverse primer, 5′-GCTGA TCCAC

ATCTGCTGGAA-3′.

Statistical Analysis
All of the experimental data shown are

expressed as the means ± S.D. and were re-
peated at least three times, unless other-
wise indicated. Statistical analysis was per-
formed using one-way analysis of variance
(ANOVA) followed by Student t test, and 
p < 0.05 was considered to be significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

H5N1 HA-Induced Activation of JAK3
Inhibits cAMP-Dependent CFTR in the
Airway Epithelium by Blocking AC

As predicted, treatment with HA
(40 ug/mL) for 10 or 20 min resulted in
a remarkable decline in the basal short-
circuit current (Isc) of the apical mem-
brane of the airway epithelium in the
wild-type (JAK3+/+) mice but did not in-
duce this change in the JAK3+/– mice.
The addition of a single dose of the
cAMP agonist forskolin to the micro-
Ussing perfusion chamber caused an in-
crease in the basal Isc (ΔIsc) of the
murine tracheal tissues, as expected.
However, with HA pretreatment, we de-
tected an additional increase in Isc (ΔIsc)
in the JAK3+/+ mice compared with
JAK3+/– mice, in response to forskolin
(Figure 1A), but did not find the change
under the condition of Cl– free-KH per-
fusion (Supplementary Figure S1A). Ex-
posure of tracheal tissues of JAK3+/+

mice that had received JAK3 inhibitor VI
to HA reversed this HA-induced Isc de-
cline, and ΔIsc returned to basal levels in
response to forskolin (Figure 1B). We ob-
served that H5N1 HA had no significant
effect on amiloride-sensitive sodium cur-
rent after exposure of the tracheal ep-
ithelium to HA for the indicated time
(Supplementary Figure S1B).

The ELISA results indicate that HA
stimulation in 16HBE cells inhibited
AC activity, resulting in a significant
reduction in intracellular cAMP levels.
This inhibition was attenuated in cells
pretreated with JAK3 inhibitor VI (Fig-
ures 2A, B).

JAK3 Activation and the Suppression
of cAMP-Dependent CFTR Expression
Contribute to Acute Lung Injury
Following H5N1 HA Challenge

Acute lung injury with severe inter-
stitial edema and infiltration of inflam-
matory cells was observed (using
pathologic examination) in wild-type
mice 12 h following intratracheal chal-
lenge with HA (1 mg/kg) (Figures 3B, I).
In contrast, wild-type mice pretreated
with forskolin or JAK3 inhibitor VI and
JAK3+/– mice were protected from this
pulmonary inflammatory response
(Figures 3C–E, I). However, pretreat-
ment of JAK3+/+ mice with the CFTR in-
hibitor glibenclamide significantly ac-
celerated the pulmonary inflammation
triggered by a low dose of H5N1 HA
(0.5 mg/kg) (Figures 3F–H, I). Corre-
sponding to the pulmonary inflamma-
tion in the mice following intratracheal
challenge with HA (1 mg/kg), the
CFTR immunofluorescence signal in the
airway epithelium was completely
blocked (Figure 3K) compared with con-
trol mice treated with saline (Figure 3J).
Furthermore, Western blot analysis
showed a significant reduction of CFTR
level in the lung of HA-challenged
wild-type mice (Figure 3L).

Inhibition of cAMP-Dependent CFTR Is
Mediated by JAK3 Activation and
Enhances NF-κB Signaling

Immunofluorescent staining and con-
focal microscopy examination revealed
that CFTR was expressed and primarily
localized to the plasma membrane in
the calu-3 cells under basal conditions.
In addition, Ser276-phosphorylated 
NF-κBp65, which indicates NF-κB acti-
vation (20), was dispersed throughout
the cytoplasm (Figure 4A). After the 
exposure of these cells to 80 μg HA/mL
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for 12 h, the global CFTR immunofluo-
rescence signal was sharply reduced
(Figures 4B, G), and Ser276-phosphory-
lated NF-κBp65 was translocated from
the cytoplasm to the nucleus (see Fig-
ure 4B). Pretreatment with either
forskolin or JAK3 inhibitor VI for 30
min prior to HA (80 μg/mL) challenge
ameliorated the reduction of the CFTR
immunofluorescence signal (Figures 4C,
D, G), concomitant with the absence of
Ser276- phosphorylated NF-κBp65 nu-
clear accumulation (see Figures 4C, D).
However, cells stimulated with a low
dose of HA (20 μg/mL) displayed only
a slight reduction in CFTR expression
(Figures 4E, G) and exhibited no visible
alteration in the nuclear translocation of
Ser276- phosphorylated NF-κBp65 (see

Figure 4E). However, a remarkable
downregulation of CFTR expression
(Figures 4F, G) concomitant with Ser276-
phosphorylated NF-κBp65 activation
was observed in HA (20 μg/mL)-
 challenged cells pretreated with the
CFTR inhibitor glibenclamide (see Fig-
ure 4F).

A bead array-based analysis was per-
formed to examine the cytokine and
chemokine levels in HA-treated 16HBE
cells in the absence or presence of the
JAK3 inhibitor VI. The results provide
additional evidence that H5N1 HA in-
duces the secretion of cytokines and
chemokines, including ICAM-1, IL-18,
IP-10, MCP-1, MIP-3α, MMP-7, which
are related to the activation of JAK3 (Fig-
ure 5).

H5N1 HA Is Detected by TLR4
Expressed on Airway Epithelial Cells,
which Facilitates JAK3 Activation

The cell-surface proteins Toll-like re-
ceptor (TLR)2 and TLR4, which belong to
the family of pattern recognition recep-
tors (PRRs), may interact with viral gly-
coprotein products (21). Therefore, we
further examined the mechanism by
which H5N1 HA, a pathogen-associated
molecular pattern (PAMP), is sensed by
TLR4 on the airway epithelial cell sur-
face, leading to the activation of JAK3.

Figure 2. JAK3 activation by H5N1 HA in-
hibits AC activity and reduces the cAMP
level. Cultured bronchial epithelial cells
(16HBE) were pretreated with JAK3 in-
hibitor VI (JAK3inh, 760 nmol/L) or saline for
30 min prior to HA (40 μg/mL) treatment.
Then, 10 min or 20 min after the HA chal-
lenge, (A) the intracellular cAMP levels
and (B) the adenylyl cyclase activity in
these cells were evaluated via ELISA. *p <
0.05 versus control cells treated with saline
or cells treated with HA alone.

Figure 1. JAK3 activation by H5N1 HA results in the inhibition of cAMP-dependent CFTR Cl–

channels. Tracheal tissues isolated from wild-type and JAK3 gene-deficient heterozygous
(JAK3+/–) mice were pretreated with exposure of apical membranes to H5N1 HA (40 μg/mL)
for 10 min or 20 min and then mounted into a perfused micro-Ussing chamber to perform
short-circuit current assay. (A) Basal short-circuit current (Isc) and changes in the short-
 circuit current (ΔIsc) in response to forskolin (FSK, 10 μmol/L) addition (n = 5 per group, *p <
0.05 versus JAK3+/+ mice with saline). (B) Isc and ΔIsc measurement in wild-type mice
treated with JAK3 inhibitor VI (JAK3inh, 0.15 mg/kg) or saline prior to exposure to HA (n = 5
per group, *p < 0.05 versus mice treated with saline; #p < 0.05 versus mice treated with HA).
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We verified that the exposure of the api-
cal surface of tracheal tissues isolated
from wild-type mice to HA (40 μg/mL)
in the presence of a TLR4 inhibitor did
not induce a detectable decrease in the
Isc in contrast to HA exposure in the ab-
sence of the TLR4 inhibitor. The response
of the tracheal tissue to forskolin follow-
ing pretreatment with HA and the TLR4
inhibitor displayed a reduced ΔIsc com-
pared with tissue pretreated with HA
alone (Figure 6A).

Immunofluorescence and Western
blot analyses revealed that the HA-
 stimulated activation of JAK3 in
bronchial epithelial cells was blocked by
the addition of either a TLR4 or JAK3

inhibitor (Figures 6B, C). A 1.5-fold and
1.8-fold increase in TLR4 gene transcrip-
tion was observed at 12 h and 24 h after
HA exposure, respectively, and this in-
crease was accompanied by a significant
decrease in CFTR gene expression at 
12 h (Figure 6D).

H5N1 HA Interaction with TLR4
Activates the Heterotrimeric Gαi/o
Protein in Airway Epithelial Cells via
JAK3 and Decreases cAMP
Production

Activated heterotrimeric Gαi/o pro-
teins inhibit the function of AC and re-
duce the intracellular cAMP levels (22);
therefore, we determined whether

Gαi/o proteins are activated by JAK3
following H5N1 HA stimulation in
16HBE cells. To confirm that the de-
crease in the cellular cAMP levels after
H5N1 stimulation was due to the in-
creased activation of Gαi/o proteins,
these human airway epithelial cells
were treated with a Gαi/o protein in-
hibitor (pertussis toxin, PTx), a JAK3 in-
hibitor (JAK3 inhibitor VI) or a TLR4 in-
hibitor prior to stimulation with H5N1
HA. Treatment with PTx or JAK3 in-
hibitor VI completely reversed the de-
crease in forskolin-induced cAMP pro-
duction following challenge with H5N1
HA. The reduction in cAMP production
was not observed in TLR4 inhibitor-pre-

Figure 3. Blockade of cAMP-dependent CFTR channels via JAK3 activation exacerbates acute lung injury in response to H5N1 HA chal-
lenge. Histopathologic examination via hematoxylin and eosin (H&E) staining was performed on the lung sections of JAK3+/– and JAK3+/+

mice. (A) JAK3+/+ mice treated with saline; (B) with HA alone at 1 mg/kg or (G) 0.5 mg/kg; (C) HA (1 mg/kg) with either forskolin (FSK, 
10 mg/kg) or (D) JAK3 inhibitor VI (JAK3inh, 0.15 mg/kg); (F) glibenclamide pretreatment (Gli, 10 mg/kg) alone or (H) HA (0.5 mg/kg) with
glibenclamide pretreatment. (E) JAK3+/– mice treated with HA (1 mg/kg). Scale bars = 100 μm. h: high (1 mg/kg); L: low (0.5 mg/kg). 
(I) The lung injury score is assessed. The data are expressed as the mean ± SEM, with n = 5 per group. *p < 0.05, versus saline control; 
#p < 0.05 versus the HA(h)-challenged JAK3+/+ group. (J) Immunofluorescent staining was performed to examine CFTR expression in
JAK3+/+mice treated with saline or (K) HA (1 mg/kg) for 4 h. Scale bars = 40 μm. The arrows indicate positively stained cells. (L) Western
blot analysis was performed to determine the level of CFTR expression. *p < 0.05, versus saline control, c: control.
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treated cells. In addition, the simultane-
ous addition of IL-2, a JAK3 agonist,
with H5N1 HA ameliorated the effects
on cAMP production caused by pre-
treatment with JAK3 inhibitor VI. These
results demonstrate that Gαi/o proteins
are activated by JAK3 following H5N1
HA stimulation in airway epithelial
cells, contributing to the inhibition of

the activity of AC, thereby reducing cel-
lular cAMP production (Figure 7).

DISCUSSION
Our findings provide novel insight

into the pathogenesis of H5N1-induced
acute lung injury via the inhibition of
airway epithelium cAMP-dependent
CFTR Cl– channels, which is associated

with host tolerance to infection. We re-
port that H5N1 HA-triggered JAK3 acti-
vation inhibits AC, the enzyme exclu-
sively responsible for cAMP production
(23). This inhibition induces a defect in
cAMP production, thereby blocking
cAMP-dependent CFTR channels.

A reduction in barrier function due to
the impairment of CFTR-mediated traf-
ficking caused by H5N1 HA exposure
may facilitate the entry of viral or bacter-
ial toxins into the submucosa, increasing
the susceptibility of the host to pathogen
infection (24–27).

Previous studies reported that an in-
crease in cAMP due to the administra-
tion of forskolin or dibutyryl-cAMP re-
duced JAK3 expression, and this
reduction resulted in impaired IL-2-
 dependent signal transduction and inhi-
bition of T-cell activation (28). Consis-
tently, targeting to JAK3 by the
administration of JAK3 inhibitor VI alle-
viated acute lung injury (17). Current
evidence provides strong support for
the hypothesis that JAK3 activation via
H5N1 HA attachment, which is associ-
ated with reduced cAMP production
and suppression of cAMP-dependent
CFTR Cl– channels in the airway epithe-
lium, leads to an enhanced inflamma-
tory reaction.

Recent observational data reported in
an investigation of primary lower airway
epithelial cells (AECs) in children with
CF suggest a possible nexus between
human rhinovirus (HRV) infection and
AEC-initiated inflammatory cell recruit-
ment and activation, thus leading to
early airway inflammation (29). In the
present study, we demonstrated an exag-
gerated inflammatory response in the
lung tissue of HA-challenged wild-type
mice following pretreatment with a
CFTR channel inhibitor. These results are
consistent with previous studies suggest-
ing slower viral clearance, increased
severity of infection and a prolonged in-
flammatory response to respiratory viral
infection in CF (30,31).

Accumulating evidence has indicated
that alterations in intracellular Cl– con-
centrations play an important role in a

Figure 4. Inhibition of cAMP-dependent CFTR channels via JAK3 activation enhances
phosphorylated NF-κBp65 nuclear translocation in bronchial cells after exposure to H5N1
HA. Immunofluorescent staining of cultured calu-3 cells was performed following HA addi-
tion at two doses for 12 h in the absence or presence of pretreatment with JAK3 inhibitor
VI (JAK3inh, 760 nmol/L), forskolin (FSK, 10 μmol/L) or glibenclamide (Gli, 500 μmol/L). (A) The
expression of CFTR and translocation of Ser276-phosphorylated NF-κBp65 (p-NF-κB) is
shown in calu-3 cells treated with saline; (B) HA alone at 80 μg/mL or (E) 20 μg/mL; (C) HA
(80 μg/mL) following pretreatment with either forskolin or (D) JAK3 inhibitor VI; or (F) gliben-
clamide pretreatment followed by treatment with HA at 20 μg/mL. Scale bars = 40 μm h:
high (80 μg/mL), L: low (20 μg/mL). (G) Average fluorescence intensity of CFTR staining is
represented. The data are expressed as the mean ± SEM, with n = 3 to 5 per group. *p <
0.05 versus saline control; #p < 0.05 versus the cells with HA (h) treatment alone.
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variety of physiological and pathologi-
cal processes (32–34). Yang et al. recently
reported that a decrease in the intracel-
lular Cl– concentration promotes en-
dothelial cell inflammation by activating
the NF-κB pathway (35). Consistent
with this result, our findings show that
the attenuation of the CFTR Cl– channel
by glibenclamide exacerbated H5N1
HA-induced acute lung injury, which
was associated with enhanced NF-κB
translocation. These data indicate that a
reduction in CFTR channel-dependent
Cl– transport underlies, at least in part,
the HA-induced superinflammation. By
contrast, in the presence of forskolin,
which is commonly used to open CFTR
channels by increasing cAMP levels, or
a JAK3 inhibitor, bronchial epithelial

calu-3 cells display reduced activation
of NF-κB p65 induced by HA challenge.
Therefore, the CFTR Cl– channel may
play an essential role in the regulation
of the innate immune inflammatory 
response by dynamically modulating
Cl– movement across the plasma 
membrane.

NF-κB plays a crucial role in inducing
the expression of a plethora of inflam-
matory and immune mediators; thus,
NF-κB is one of the master regulators of
the immune response and a key target
for antiinflammatory drug design. A
number of fundamental molecular
mechanisms that contribute to the over-
all inhibitory action of cAMP on NF-κB
function are well established (36). In the
presence of forskolin and a JAK3 in-

hibitor, both wild-type mice and
bronchial epithelial cells counteract 
NF-κB activation and inflammatory
damage in response to HA challenge, in-
dicating that interactions between
cAMP and the NF-κB signaling cascade
modulate the outcome of inflammation-
associated NF-κB activation, which are
modulated by JAK3 expression.

The activity of AC is modulated by 
G-protein subunits. Specifically, Gαs
stimulates AC, inducing it to catalyze
the formation of cAMP from ATP,
whereas the Gαi protein exerts an in-
hibitory effect on AC. Recent studies
have shown that TLR ligands activate
Gαi proteins in endothelial cells (22,37).
The authors speculated that TLR2, 3 and
4 also interact directly with Gαi via
their intracellular domains due to a con-
sensus motif for Gαi/o binding. Consis-
tently, our results indicate that cytoplas-
mic JAK3 activation evokes the
interaction between TLR4 and Gαi via
their intracellular binding domains,
leading to the inhibition of AC and re-
ducing cAMP production. JAK3 activa-
tion, which is after activation of TLR4
by H5N1 HA, results in impaired
cAMP-dependent CFTR regulation and
CFTR gene expression, contributing to
the exacerbation of immune inflamma-
tion. Therefore, we suggest that airway
epithelial cAMP-dependent CFTR regu-
lation represents an important host tol-
erance mechanism for limiting tissue
damage to prevent severe im-
munopathology and that cAMP levels
and CFTR function are closely modu-
lated by JAK3 activity, which exerts an
inhibitory effect on AC by activating
Gαi G-protein subunits. Hence, cAMP-
modulating therapeutic strategies po-
tentially hold promise for treating
ARDS induced by avian influenza virus
infection; however, further investigation
is required.

CONCLUSION
In conclusion, we suggest that the in-

hibition of cAMP-dependent CFTR chan-
nels by TLR4-stimulated JAK3 activation,
which blocks AC-mediated cAMP pro-

Figure 5. Inhibiting JAK3 results in a reduction in cytokine/chemokine hyperproduction.
Cultured 16HBE cells were incubated with HA (40 μg/mL) for 12 h with or without JAK3 in-
hibitor VI (JAK3inh, 760 nmol/L) pretreatment, and the culture supernatants were sub-
jected to a LiquidChip assay. *p < 0.05 versus saline control cells; #p < 0.05 versus cells in-
cubated with HA alone.
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duction, disturbs the host tolerance to
H5N1 infection, thereby enabling the ex-
acerbation of innate immune inflamma-
tory responses. Increasing the intracellu-
lar cAMP levels via the administration of
cAMP- elevating agents and overcoming
the attenuation of cAMP production by
selective JAK3 inhibition (JAK3 inhibitor

VI) may represent an effective therapeu-
tic strategy for the management of in-
fluenza virus–induced severe pneumonia.

ACKNOWLEDGMENTS
The authors would like to thank Wen-

liang Zhou (School of Life Science, Sun
Yat-sen University, Guangzhou, China)

for help with experiments. This work
was supported by grants from the Na-
tional Key Basic Research Program of
China (973 Program; 2009CB522104), the
National Natural Science Foundation of
China (30900576), the China Postdoctoral
Science Foundation (20100480734), the
Yangcheng Scholars Research Program of
Guangzhou Municipal Universities
(10A024G) and the Program for Tackling
Key Problems in Science and Technology
of the Local Government in Guangzhou
(2014), China.

DISCLOSURES
The authors declare that they have no

competing interests as defined by Molec-
ular Medicine or other interests that might
be perceived to influence the results and
discussion reported in this paper.

Figure 7. HA-induced JAK3 activation stim-
ulates Gαi-mediated inhibition of AC, re-
sulting in a decrease in the intracellular
cAMP level 16HBE cells were pretreated
with IBMX (1 mmol/L )for 15 min and then
treated with forskolin (FSK, 10 μmol/L, 30
min) and either HA (40 μg/mL, 30 min)
alone or HA (40 μg/mL, 30 min) in combi-
nation with IL-2 (100 UI/mL, 30 min) as 
indicated. In some instances, cells were
pretreated with pertussis toxin (PTx, 
100 ng/mL) for 16 h or a TLR4 inhibitor
(TLR4inh, 5 μmol/L) or JAK3 inhibitor VI
(JAK3inh, 760 nmol/L) for 30 min. The intra-
cellular cAMP levels were examined in the
cell lysates. *p < 0.05 versus forskolin-
treated cells; #p < 0.05 versus HA-treated
cells; and ##p < 0.05 versus PTx-treated cells.

Figure 6. H5N1 HA is detected by TLR4 expressed on respiratory epithelial cells, facilitat-
ing the activation of JAK3, which leads to the impairment of cAMP-dependent CFTR
channels. (A) Isc and ΔIsc measurements in HA-challenged tracheal tissues of JAK3+/+

mice with or without TLR4 inhibitor treatment (n = 5 per group, *p < 0.05 versus mice ad-
ministered saline; #p < 0.05 versus mice pretreated with HA alone); (B) Immunofluores-
cent staining for phosphorylated JAK3 (p-JAK3) expression in 16HBE cells. Scale bars =
40 μm (C) Western blot for p-JAK3 in 16HBE cells. The mean optical densities of the
bands for each group are presented (C, bottom) (*p < 0.05 versus saline control cells;
#p < 0.05 versus cells incubated with HA alone for 60 min); c: control. (D) Quantitative
RT-PCR analysis of TLR4 and CFTR gene expression in HA-treated calu-3 cells for the in-
dicated periods compared with control.
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