
Biochemical and Biophysical Research Communications 438 (2013) 581–587
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Influenza A virus (H1N1) increases airway epithelial cell secretion
by up-regulation of potassium channel KCNN4
0006-291X/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.08.012

⇑ Corresponding author.
E-mail address: matthew.loewen@usask.ca (M.E. Loewen).
Taryn Waugh a, John C.H. Ching a, Yan Zhou b, Matthew E. Loewen a,⇑
a Department of Veterinary Biomedical Sciences, Western College of Veterinary Medicine, University of Saskatchewan, 52 Campus Drive, Saskatoon, SK S7N 5B4, Canada
b Vaccine and Infectious Disease Organization, University of Saskatchewan, 120 Veterinary Rd, Saskatoon, SK S7N 5E3,Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 21 July 2013
Available online 13 August 2013

Keywords:
Ion channels
Airway epithelium
Influenza
CFTR
KCNN4
Influenza infects the epithelial cells lining the airways. Normally epithelial cells move solutes through ion
channels to create the osmotic drive to hydrate the airways. Viral alteration of this process could explain,
in part, the fluid imbalance in the lungs and the resulting pulmonary edema that occurs during severe
influenza infections. Using western blot and RT-qPCR, we measured ion channel and cytokine expression
in the Calu3 airway cell line after infection with influenza virus (H1N1) for 48 h. We simultaneously mea-
sured chloride and potassium channel function by means of a short-circuit current (Isc) produced in an
Ussing chamber. At a multiplicity of infection (MOI) of 10, viral M1 protein and pro-inflammatory cyto-
kine expression was observed 24 h post-infection, despite a lack of measurable change in Isc. However, we
observed a decreased secretory response in cAMP- and calcium-induced Isc 48 h post-infection. This cor-
related with a decrease in CFTR and KCNN4 protein levels. Interestingly, a viral dose of an MOI 0.6
revealed an increased secretory response that correlated with pro-inflammatory cytokine expression.
This increased secretory response seemed to be primarily driven through KCNN4. We detected an
increase in KCNN4 mRNA and protein, while CFTR function and expression remained unchanged. Further-
more, inhibition of the KCNN4-stimulated Isc with TRAM-34, a specific inhibitor, ameliorated the
response, implicating KCNN4 as the main driving force behind the secretory phenotype.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Seasonal circulating strains of influenza A virus cause over half-
a-million deaths annually, with mortality rates substantially high-
er when novel pandemic strains emerge [1]. Influenza-related
deaths are primarily due to influenza’s ability to disrupt the basic
cellular mechanisms of ciliated epithelial cells lining the upper
respiratory tract [2]. These cells are normally responsible for regu-
lating the airway surface liquid (ASL), a thin layer of fluid lining the
surface of the airways [3]. The ASL, maintained at appropriate vol-
umes, allows the cilia of the epithelium to beat, clearing mucus and
inhaled contaminants from the respiratory tract (mucociliary
clearance) [4]. The epithelial cells create the ASL by a chloride
secretory response that establishes an osmotic gradient across
the epithelium [3,5]. This secretory process is driven by the trans-
port of sodium, chloride and potassium through ion channels and
pumps [3,6]. Simplistically, potassium exits through ion channels
on the apical and basolateral sides of the polarized epithelium,
increasing the negative charge within the cell [3,7]. This drives
chloride into the airways through apical chloride channels, gener-
ating the gradient for both sodium and water to follow [3]. Chlo-
ride exits the apical membrane through either the cAMP-
activated cystic fibrosis transmembrane regulator (CFTR) channel
or calcium-activated chloride channels (CaCC) [3]. The importance
of CFTR is illustrated in cystic fibrosis (CF), where CFTR loss results
in ASL under-hydration and poor mucociliary clearance [8]. Alter-
natively, increased movement of chloride through CFTR or CaCC
can result in airway over-hydration, pulmonary edema and ulti-
mately suffocation [9]. Such severe pulmonary edema is particu-
larly salient in patients suffering from acute, complicated
influenza infections [3,10].

The exact mechanism by which influenza infection can cause
the formation of pulmonary edema remains unclear [11]. Initial
studies indicate a reduced ability of the epithelium to clear fluid
from the airways [10,12–14]. These studies emphasize how
down-regulation of the epithelial sodium channel (ENaC) impacts
fluid clearance as a direct result of viral attachment [12–14]. Since
ENaC is responsible for absorbing sodium, its down-regulation will
reduce net absorption of water from the airway leading to pulmon-
ary edema [6].

However, pulmonary edema could also result from increased
secretion, rather than decreased absorption. This may be true in
most infections where a large percentage of cells are not infected
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Table 1
Primer sequences for RT-qPCR.

Gene name Forward (50-30) Reverse (50-30) Tm (�C)

GAPDH CAAGGTCATCCATGACAACTTTG GGGCCATCCACAGTCTTCTG 60
CFTR TCCTCCAAACCTCACAGCAACTCA AAGGCACGAAGTGTCCATAGTCCT 60
KCNN4 GGCCAAGCTTTACATGAACACGCA AAAGGTGCCCAGTGGCATTAACAG 60
KCNQ1 TCCTCGTACTTTGTGTACCTGGCT AAAGACAGAGAAGCAGGAGGCGAT 60
NKCC1 CATTAACTGGTGGGCTGCATTGCT TCACGTGGTCTTCCACTCCAGAAA 60
ATP1A1 GGGCAAATGTCGAAGTGCTGGAAT TTCCACGGTCTCATTGCCTTCTGA 60
IL-6 AGCCACTCACCTCTTCAGAAC GTGCCTCTTTGCTGCTTTCAC 57
IL-8 TCTCTTGGCAGCCTTCCTGATTTC ATTTCTGTGTTGGCGCAGTGTG 60
IL-12a CAGTGGAGGCCTGTTTACCATTG TACTACTAAGGCACAGGGCCATC 58
IL-1a TACCTCACGGCTGCTGCATTAC GGTCTTCATCTTGGGCAGTCAC 58
IL-1b GCTGATGGCCCTAAACAGATG TGTAGTGGTGGTCGGAGATTC 55
TNF-a TGCTGCACTTTGGAGTGATCG TGCTACAACATGGGCTACAGG 57

582 T. Waugh et al. / Biochemical and Biophysical Research Communications 438 (2013) 581–587
and instead are subject to paracrine regulation by infected neigh-
boring cells [15,16]. Infected epithelial cells respond by releasing
a variety of inflammatory mediators that aid in fighting the virus;
some inflammatory mediators such as cytokines have been shown
to independently increase net anion secretion [17–19]. Such an ef-
fect could be mediated through CFTR, CaCC or by increased potas-
sium movement through the major epithelial potassium channels
KCNN4 or KCNQ1 [3,7].

To investigate the presence of a secretory response to influenza
infection, we used the well-established Calu3 airway epithelial ser-
ous cell line [20,21]. In this secretory cell model, chloride is driven
through an apical CaCC and highly abundant CFTR after the activa-
tion of potassium channels KCNN4 and KCNQ1 [20–22]. Using this
model, we determined the dose effect of an influenza virus infec-
tion on cytokine and channel expression while simultaneously
measuring the secretory response of channel function by Ussing
chamber short-circuit current (Isc). Additionally, we modeled the
in vivo situation where only a percentage of the airway cells were
infected, leaving the non-infected cells available for paracrine reg-
ulation by virus-induced mediators.

2. Materials and methods

2.1. Cell culture

Calu3 cells at low passage were grown in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (FBS), 1% non-essential
amino acids (10 mM), 1% penicillin–streptomycin, 1% sodium
pyruvate and 1% L-glutamine (200 mM) at 37 �C in a humidified
atmosphere with 5% CO2. Cells were seeded onto 0.4-lm pore size
Snapwells (Corning) and grown in an air–liquid interface for
approximately one week prior to infection.

2.2. Viral culture and infection

Influenza A virus (A/PR/8/34 H1N1) was propagated at a multi-
plicity of infection (MOI) of 0.001 in Madin–Darby canine kidney
(MDCK) cells and purified by ultracentrifugation through a sucrose
gradient. Virus was diluted in DMEM and added to the apical sur-
face of cells at an MOI of 10, 1, 0.6 or 0.3. Cells were infected or
mocked infected apically for an hour, then washed with phosphate
buffered saline (PBS) to remove non-adherent virus. Cells were left
for 24- or 48-h prior to downstream experiments.

2.3. Measurement of transepithelial Isc

Polarized cells on Snapwells were mounted in Ussing chambers
(Physiologic Instruments, San Diego, CA). The apical and basolat-
eral chambers were filled with 5 mL Kreb’s solution, maintained
at 37 �C and gassed with 5% CO2-95% O2, as previously described
[21]. Transepithelial potential differences were short-circuited to
0 mV with a voltage clamp on the apical and basolateral chambers
using Ag–AgCl electrodes and 3 M KCl agar bridges. A 1 mV pulse
and the resulting Isc every 30 s was used to calculate epithelial
resistance. Cells were clamped and allowed to equilibrate for a
minimum of 20 min.

2.4. Chemicals

All activators and inhibitors were obtained from Sigma and
used at the following final concentrations. Forskolin (10 lM;
F6886) and IBMX (1 mM; I5879) increases cAMP. A23187
(500 nM; C7522) calcium ionophore. Glibenclamide (100 lM;
G0639) CFTR inhibitor. Niflumic Acid (100 lM; N0630) CaCC inhib-
itor. TRAM-34 (20 lM; T6700) KCNN4 inhibitor.

2.5. RNA isolation and RT-qPCR

RNA was extracted using TRIzol Reagent (15596018; Life Tech-
nologies) according to the manufacturer’s protocol. mRNA was
transcribed into cDNA using GoScript Reverse Transcription system
(A5001; Promega). mRNA expression was measured by RT-qPCR
using GoTaq qPCR Master Mix (A6002; Promega) with Stratagene
MX5000P real-time PCR machines and primers (Table 1).

2.6. Efficiency and fold difference calculation

Dilution series from 1 � 100 fold to 1 � 10�6 fold of cDNA were
used to determine the primer efficiency. The CT value obtained in
each dilution was used to generate a linear plot of CT vs. log copies
graph. The efficiency of the primer set is determined with the
equation:

Efficiencyð%Þ ¼ 10ð�1=slopeÞ

The fold difference between infected and non-infected cells was
determined using efficiency corrected calculation model

Ratio ¼ ðEfftargetÞDCT target ðMean control�Mean sampleÞ
ðEffrefÞDCT ref ðMean control�Mean sampleÞ
2.7. Western blotting

SDS–PAGE and western blot analysis were carried out as previ-
ously described [18,23]. The protein was extracted from Calu3 cells
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
(78833; Pierce) and analyzed the same day. Samples were sepa-
rated by 10% SDS–PAGE, and transferred onto PVDF membranes.
After blocking in 5% bovine serum albumin in PBS-Tween for 1 h,
membranes were incubated with primary antibody anti-CFTR
(1:200; sc-10747; Santa Cruz Biotechnology), anti-KCNN4 (1:200;
sc-32949) or anti-GAPDH (1:500; sc-25778) for 2 h. Infrared-la-
beled secondary antibodies were used to visualize protein.
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2.8. Statistical analysis

All data were expressed as mean ± standard error of the mean
(SEM). Parametric t-tests or ANOVA were used to analyze electro-
physiology data. One-sample t-tests were performed on RT-qPCR
data using fold differences with the mean set at 1. Significance
was determined at p < 0.05.
3. Results and discussion

3.1. High viral dose 24 h post-infection

To determine the effect of influenza infection and replication on
epithelial secretion, we infected polarized Calu3 cell monolayers
with H1N1 at an MOI of 10 (i.e., 10 virus particles per cell). The ini-
tial use of a high MOI (Figs. 1 and 2) ensured that all cells were in-
fected and allowed us to fully characterize the immune response.
Additionally, this dose circumvented any problems associated with
pandemic H1N1 eliciting an attenuated immune response as previ-
ously reported [24].

Despite the beginnings of a strong immune response and viral
replication 24 h post infection, as determined by M1 viral protein
production (Fig. 1F), there was no statistical change in epithelial
resistance, a measure of epithelial tight junction and cell viability.
Infected cells had a resistance of 90.8 ± 8.34 Xcm2 whereas non-in-
fected cells had a resistance of 105.3 ± 8.51 Xcm2. Additionally, we
observed no difference in cAMP-(Forskolin/IBMX) or calcium-in-
duced (A23187) Isc, a measurement of epithelial secretion, between
infected and non-infected epithelium (Figs. 1A–D). We expected to
detect a change in Isc after 24 h of infection at an MOI of 10, as a pre-
vious study reported an impact on sodium absorption within 1 h
[12]. However, authors of the previous study only assessed the early
stages of viral attachment and endocytosis occurring within a 1-h
period [10,12]. These early events did not take into account the dy-
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Fig. 1. Effect of high viral dose on Calu3 cells 24 h post-infection. Change in Isc in respon
infected cells (MOI 10) n = 34. Experimental Isc traces representing cellular responses to a
in cytokine mRNA, as measured by RT-qPCR n = 5 (E). Western blot of influenza virus M
current; Data presented as mean ± SEM and analyzed using parametric t-test; ⁄p < 0.05.
namic virus-host interactions that occurred upon initiation of viral
replication, as the average incubation period for influenza is 24–
48 h [1]. Thus, we had predicted that 24 h post-infection would re-
veal a difference in measurable Isc in addition to increased cytokine
levels. However, we only detected significant increases in mRNA of
IL-6, IL-8, IL-1a and IL-1b (Fig. 1E) and no change in ion channel
function. Since all cells were infected, we concluded that, in our cell
model, a longer time was required to observe a measurable differ-
ence in ion channel transport. Therefore, we proceeded to assess
the impact of virus infection on cells at 48 h post-infection.
3.2. High viral dose 48 h post-infection

At 48 h post-infection, we observed a decreased secretory re-
sponse, as indicated by a significant decrease in the cAMP- and cal-
cium-activated Isc response from infected cells (Fig. 2A). Also, there
was decreased chloride conductance inhibition with glibenclamide
(CFTR inhibitor) but not with niflumic acid (CaCC inhibitor)
(Fig. 2B). Moreover, the infected epithelial resistance was signifi-
cantly decreased compared to controls (61.5 ± 7.02 Xcm2 and
145.1 ± 21.2 Xcm2, respectively; p = 0.002). Prolonged influenza
exposure has been shown to induce apoptosis [11,16]; therefore,
a significant decrease in epithelial resistance, especially at a high
dose, was not surprising. Despite detection of a decreased secre-
tory response, the reduction in epithelial resistance indicated a
compromised epithelial barrier. The weakening of the epithelium
has been suggested to contribute to the development of pulmonary
edema as the hydrostatic pressure from the vasculature could then
easily force fluid into the airway [5]. Chen et al. discussed that part
of the pathogenesis of influenza likely resulted from a damaged
epithelial barrier leading to the leakage of fluid into the lungs
[14]. This is in contrast to the findings that have demonstrated a
direct effect on ion transport by the virus, which may also contrib-
ute to pulmonary edema [12].
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Interestingly, the decreased secretory 48 h post-infection re-
sponse was not due to decreased transcription of the transporters
responsible for driving secretion. RT-qPCR analysis of mRNA levels
for CFTR, KCNN4, KCNQ1 or the basolateral NKCC1 and ATP1A1
were unchanged (Fig. 2E). However, further investigation using
western blot indicated a significant reduction in both CFTR (con-
trol: 0.87 ± 0.2 OD and virus: 0.1 ± 0.04 OD (p = 0.002)) and KCNN4,
(control: 0.28 ± 0.07 OD and virus: 0.11 ± 0.065 OD (p = 0.02)) pro-
tein levels in infected cells (Fig. 2F). Given that mRNA levels re-
mained unchanged, the high viral dose likely induced post-
transcriptional modification of both CFTR and KCNN4 resulting in
an overall decrease in transepithelial Isc. This could be explained
by the viral polymerase subunit cap-snatching of the host’s 50

mRNA caps to transcribe the viral genome [25]. Uncapped host
mRNAs would then be targeted for degradation and not tran-
scribed. Despite the fact that there have not been any reports
regarding the specificity of the viral polymerase to any host genes,
the process may partially explain the reduced ion channel protein
expression. Since no change in ion channel mRNA levels was found,
the intense viral replication may have masked the up-regulation of
mRNA, leaving only changes in protein expression detectable.

Nonetheless, we detected a significant increase in pro-inflam-
matory cytokine mRNA levels, (Fig. 2D) indicating the virus was
capable of eliciting a strong immune response in our cell model.
The up-regulation of inflammatory cytokines was a response to
fight the viral infection [26]. However, in the airway these same
cytokines would exacerbate the inflammatory response that is cor-
related with increased fluid secretion [10,18,27]. This increased
movement of fluid into the airways is likely the result of both
the virus and subsequent stimulation of the immune response,
inducing changes in ion channel expression [10,12,18]. Both TNF-
a and IL-1b have been directly implicated in impairing fluid clear-
ance in the airways [18,28]. Additionally, it should be noted that in
most infections, not all of the cells in the airway become infected
[15]. This was pointed out by Oh et al. [16], in the context of apop-
tosis, as lower doses of virus resulted in more non-infected cells
that can then be regulated by infected cells in a paracrine fashion.
This paracrine regulation could drive the development of pulmon-
ary edema [18,28]. Therefore, we investigated the impact of a low-
er dose of virus in our cell model, using an MOI of 1 or less to
determine whether a particular dose would elicit an increase in
secretion.

3.3. Low viral dose response and hypersecretory response

Unexpectedly, when only 30% of the epithelium was infected
(MOI 0.3), we observed no detectable changes in ion transport or
epithelial resistance 48-h post-infection (Fig. 3A and B). Addi-
tionally, this low infectious dose correlated with a relatively
low induction of pro-inflammatory cytokine mRNA (Fig. 3G).
We speculated that the low MOI of 0.3 was not sufficient to
cause a significant paracrine impact on ion channel physiology.
However, increasing the dose to an MOI of 1 resulted in a de-
crease in cAMP- and calcium-activated Isc (Fig. 3E). Additionally,
there was a significant decrease in epithelial resistance of in-
fected cells (119.1 ± 14.3 Xcm2) compared to non-infected cells
(348.2 ± 59.3 Xcm2). These results are similar to those resulting
from a high viral dose (MOI10). This led us to conclude that once
infected with virus, despite any paracrine or autocrine regula-
tion, a cell decreases its secretory response. However, an inter-
mediate dose (MOI 0.6), with a strong inflammatory response,
caused a significant increase in the calcium-activated Isc

(p = 0.015; Fig. 3C). There was no difference in epithelial resis-
tance between infected (189.7 ± 18.1 Xcm2) and non-infected
(229.3 ± 25.1 Xcm2) cells. It is likely that a lower MOI in vivo
will produce a similar result due to the contribution of immune
cells to the paracrine regulation on ion channel function. How-
ever, in this model, an MOI of 0.6 with its strong inflammatory



Fo
ld

 C
ha

ng
e

IL-6 IL-8 IL-1B IL-1A IL-12a TNF-a
0

2

4

6

8

10

12

14

16
MOI 0.3 
MOI 0.6 
MOI 1 

*

*
*

*

*

*

Forskolin/IBMX A23187
0

120

140

160

180

200
Control 
Virus 

Ch
an

ge
 in

 I sc
(µ

A
 /

cm
2 )

Forskolin/IBMX A23187
0

20
60

80

100

120

140

Control
Virus

**

Ch
an

ge
 in

 I s
c

(µ
A

 /
cm

2 )

Forskolin/IBMX A23187
0

20
60

80

100

120

140

Control 
Virus 

**

**

Ch
an

ge
 in

 I s
c

(µ
A

 /
cm

2 )

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

Control 
Virus 

Glibenclamide Niflumic Acid

Ch
an

ge
 in

 I s
c

(µ
A

 /
cm

2 )

-16

-14

-12

-10

-8

-6

-4

-2

0

Control 
Virus 

Glibenclamide Niflumic Acid

Ch
an

ge
 in

 I s
c

(µ
A

 /
cm

2 )

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

Control 
Virus 

Glibenclamide Niflumic Acid

Ch
an

ge
 in

 I s
c

(µ
A

 /
cm

2 )
GAPDH

KCNN4

CFTR

Fo
ld

 C
ha

ng
e

CFTR KCNN4 KCNQ1 NKCC1 ATP1A1
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

*

A

B 

C

D 

E

F 

G H I 

Fig. 3. Viral dose response has varying effect on Isc. Change in Isc in response to the addition of ion channel activators (A, C, E) or inhibitors (B, D, F) in control and virus-
infected cells n = 12. Virus-infected cells treated with MOIs of 0.3 (A,B), 0.6 (C,D), and 1 (E,F). Change in cytokine mRNA, as measured by RT-qPCR for MOIs 0.3, 0.6 and 1 (G).
Change in ion channel and ion transporter mRNA, as measured by RT-qPCR at MOI 0.6, n = 9 (H). Representative western blot of CFTR (�150 kDa), KCNN4 (�45 kDa), and
GAPDH (�37 kDa) Densitometry normalized to GAPDH (n = 6, see text). MOI = multiplicity of infection;Isc = short-circuit current; CFTR = cystic fibrosis transmembrane
regulator; NKCC1 = Na+ � K+ � 2Cl� cotransporter; ATP1A1 = Na+ / K+ ATPase; Data presented as mean ± SEM and analyzed using parametric t-test; ⁄p < 0.05.

T. Waugh et al. / Biochemical and Biophysical Research Communications 438 (2013) 581–587 585
and hypersecretory responses may best model the in vivo situa-
tion of severe acute influenza infection that results in pulmonary
edema.

3.4. KCNN4 drives hypersecretory response

Analysis of the underlying mechanism driving this secretory
response revealed that an MOI of 0.6 correlated with an increase
in KCNN4 mRNA (p = 0.005) and protein (control: 1.02 ± 0.078
OD and virus: 1.45 ± 0.14 OD; p < 0.001; Fig. 3H and I). KCNN4,
a calcium-activated potassium channel, lowers the membrane
potential which drives anion secretion [22]. Up-regulation of this
channel would result in an increased drive for apical chloride
secretion and movement of fluid into the airways. Additionally,
up-regulated levels of CFTR could produce the same results;
however, analysis at the mRNA and protein level indicated that
CFTR was unchanged (control: 0.93 ± 0.08 OD and virus:
0.87 ± 0.15 OD; Fig. 3H and I).

We confirmed the functional role of KCNN4 by removing its
potential contribution to Isc with TRAM-34 [29]. Infected epithe-
lium (MOI 0.6) inhibited with TRAM-34 had significantly reduced
calcium-activated Isc compared to non-infected controls
(p < 0.001; Fig. 4A). Given that KCNN4 mRNA and protein levels
were significantly increased over controls, we expected to see a
greater degree of inhibition in the infected epithelium. Inhibition
of the KCNN4-associated current significantly decreased the
overall Isc by 98% in infected cells and 91% in non-infected cells
(Fig. 4A). This study demonstrated that in our cell model when
60% of the epithelium was infected, the driving force for chloride
secretion was increased, as a result of up-regulated levels of
KCNN4. This channel may be only partially responsible for this
secretory response, but our data suggested that KCNN4 was
the primary channel responsible for the increased calcium-acti-
vated Isc. Such a mechanism involving KCNN4 up-regulation, if
occurring in vivo, could ultimately contribute to the formation
of pulmonary edema through an increased driving force for chlo-
ride into the airways.

Detection of an increased secretory response during influenza
infection and identification of the key ion channel driving the re-
sponse will undoubtedly open a new area of pharmacotherapy.
Our study is the first to identify KCNN4 as a potential target
for drug therapy to reduce the severity of H1N1 infections with
regards to pulmonary edema formation. Although further mech-
anistic investigations are required to understand the interaction
between influenza and KCNN4, the work presented here clearly
points to a new avenue to improve the outcome of patients suf-
fering from severe influenza infections.
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