TR AR (BRI

2021, 46(9) http://xbyxb.csu.edu.cn

J Cent South Univ (Med Sci) 949

DOI:10.11817/j.issn.1672-7347.2021.210210
http://xbyxb.csu.edu.cn/xbwk/fileup/PDF/202109949.pdf

Respiratory syncytial virus persistent infection causes
acquired CFTR dysfunction in human bronchial

epithelial cells

LONG Chunjiao"?, QI Mingming’, WANG Jinmei', LUO Jinhua', QIN Xiaoqun', GAO Ge*’, XIANG Yang'

(1. Department of Physiology, School of Basic Medical Science, Central South University, Changsha 410013

2. Department of Nephrology Medicine, Third Xiangya Hospital, Central South University, Changsha 410013;
3. Department of Obstetrics, Zhuzhou Central Hospital/Zhuzhou Hospital Affiliated to Xiangya School of
Medicine, Central South University, Zhuzhou Hunan 412007, 4. Department of Laboratory Medicine,
Third Xiangya Hospital, Central South University, Changsha 410013, 5. Department of Medical Laboratory

Science, Xiangya School of Medicine, Central South University, Changsha 410013, China)

ABSTRACT

Objective: Many studies have shown that respiratory syncytial virus persistent infection
may be the main cause of chronic respiratory pathology. However, the mechanism is
unclear. Cystic fibrosis transmembrane conduction regulator (CFTR) is an apical
membrane chloride channel, which is very important for the regulation of epithelial fluid,
chloride ion, and bicarbonate transport. CFTR dysfunction will lead to changes in bronchial
secretions and impair mucus clearance, which is related to airway inflammation. In our
previous study, we observed the down-regulation of CFTR in airway epithelial cells in
respiratory syncytial virus (RSV) infected mouse model. In this study, we further
investigated the expression and function of CFTR by constructing an airway epithelial cell
model of RSV persistent infection.

Methods: 16HBE140- cells were infected with RSV at 0.01 multiplicity of infection
(MOI). The expression of CFTR was detected by real-time RT-PCR, immunofluorescence,
and Western blotting. The intracellular chloride concentration was measured by N-
(ethoxycarbonylmethyl) -6-methoxyquinolium bromide (MQAE) and the chloride current
was measured by whole-cell patch clamp recording.

Results: 16HBE140- cells infected with RSV were survived to successive passages of the
third generation (G3), while the expression and function of CFTR was progressively
decreased upon RSV infection from the first generation (G1) to G3. Exposure of 16HBE14o0-
cells to RSV led to the gradual increase of TGF-B1 as well as phosphorylation of Smad2
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following progressive RSV infection. Disruption of TGF- 1 signaling by SB431542
prevented Smad2 phosphorylation and rescued the expression of CFTR.
Conclusion: RSV infection can lead to defective CFTR function in airway epithelial cells,

which may be mediated via activation of TGF-B1 signaling pathway.

KEY WORDS respiratory syncytial virus; cystic fibrosis transmembrane conductance regulator; human

bronchial epithelial cells; transforming growth factor-f1

FFIRE S RFRSHFERASEAXSE LR
A ENFRESATEE NGRS

KA, RS, LXK, Fai', AR#H, XY, am!

(1. PR RS R E S AT 2, KD 410013; 2. PRI = ER S mE, Kb 410013;
3. BRI A0 B B/ S R AR B 2 e R AR DN S e PRl 9IRS BRUH 4120075 4. PR Rt = BB
EAESLgR L, KD 4100135 5. HP g KA MHE R 2B 2 I &, K7D 410013)

[ E] B89: WPUGES MK (respiratory syncytial virus, RSV)FFELEGE ] ER PECTE AR MEPR ARBRE A
SR, HAE AL M AN TE 2 . 2 P41 4E 4L 5 IR AE S 8 75 25 M (cystic fibrosis transmembrane conductance regulator,
CFTR)&—Fh im0 B F(CI )l IE ,, X Bk . CUABRIR SR E Mg a Sy £ H %, CFTR IIRERERR S8R
TIPS B ROEBRZ I, 5B RAEA G, FRATATITE RSV IERGL /) BUBTRY ol 8¢ 310 T J 4B CFTR 3
KR AW A RSV RSB 1 GE R AR, i — 2B 5e HOX) CFTR Rk FIUIREIsEm . Fik: LA
5 77 B 52 K (multiplicity of infection, MOI)4 0.01 A RSV J&% 16HBE 140-41 il J5 4k 22441, LA real-time RT-PCR,
PEYEN S AR BRI A AN CFTR (93R3E,  DUBM G B 9IRS MQAE Ml 241 At Py LV B2 A4 A AR Fr #iid 5% C1
Ht. 455 : 16HBEl4o-4ifl/EYL RSV i i 7796 245 310(G3). CFTR BYFIATE RSV IG5 M G1 3 G3 B #ik#AI%,
[ R CFTR SHAERI AL, 16HBE14o-Z1 il 552 T RSV 1] §:3( TGF-B1 Fik AT+ m KX T Wef5 54> F Smad2
iR ., 1 SB431542 FHIKF TGF-B1 15538 B vl BHL1E Smad2 BEER AL, 3N CFTR (R IA, 45if: RSVEYL ] FEAHE

4N CFTR ThBEBRE , HAEH v BE R 0% TGE-p1 5 Sl - S/0,
[REIA]] RIS & MG 7 EMELT AR b I S ;. AR F 4l kA KA1 Bl

Respiratory syncytial virus (RSV) often causes
lower airway infection in infants. In addition to acute
infection, the persistence of RSV is considered as a
potential cause of long-term complications!”. It is
associated with an increased risk of airway
hyperresponsiveness and asthma for years™ . Although
the mechanism remains unclear, it is speculated that
persistent low-level RSV infection might alter the
mechanism of airway epithelial stress response, leading
to impaired lung function™.

Airway epithelium is the first barrier between the
which is

external environment and the lung,

1

indispensable in host defense”. Cystic fibrosis

transmembrane conductance regulatory (CFTR) is a

kind of chloride channel located in the apical membrane

of cells and participates in the transport of liquids,
chloridion (CI), and bicarbonates in epithelial cells'.
The dysfunction of CFTR leads to an alteration in the
bronchial secretions, with impaired mucus clearance,
which is associated with airway inflammation and
obstruction”,

Emerging evidence demonstrates that the absence
of CFTR expression leaves human airway cells
vulnerable to epithelial injury by RSV™. CFTR gene-
deficient mice are more susceptible to RSV®!. However,
the effect of RSV infection on CFTR function has not
been investigated. In a preliminary experiment, we
observed the decreased expression of CFTR in bronchial
epithelium of an RSV infected mouse model. In this

study, we are interested in whether the persistent RSV

©Journal of Central South University (Medical Science). All rights reserved.
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infection of airway epithelial cells affects the expression
and function of CFTR, which may lead to infection,
inflammation, and progressive decreased lung function.

1 Materials and methods

1.1 RSV infected mouse model

BALB/c mice (6—8 weeks, male, weighing 15-20 g)
were held under specific pathogen-free conditions in the
Laboratory Animal Centre of Central South University.
Mice were infected intranasally (50 pL/animal) with
1.0x10° plaque forming unit (PFU) of RSV A2. Analysis
of the viral response was performed on the 7th day after
infection. Animal experiments were approved by the
Ethics Committee of Xiangya Hospital of Central South
University (201803246) and carried out in accordance
with the National Institute of Health (NIH, USA) guide
for the care and use of laboratory animals.

1.2 16HBE140- cell culture and RSV infection

Persistent RSV infected human bronchial epithelial
(16HBE140-) cells were established as described
previously'. Briefly, I6HBE14o- cells"” were cultured
in DMEM:F12 containing 10% FBS at 37 °C. Cells were
infected with RSV at a multiplicity of infection (MOI)
of 0.01 in 70%—80% confluent. After incubated for 2 h
at 37 °C in serum-free DMEM, non-absorbed virus was
removed. Cells were cultured in fresh medium and
passaged twice a week. During passages, the expression
of non-structural (NS) protein NS1 was detected by RT-
PCR to verify RSV persistence. Cells were successively
passaged from the first generation (G1) to G3.

1.3 Histology, immunochemistry, and immuno-
fluorescence

Mice were sacrificed with an intra-peritoneally
injection of sodium pentobarbitone (100 mg/kg), and
lung tissues were obtained. The lower part of the right
lung was embedded in paraffin. Tissue structure and
inflammatory reaction were observed by hematoxylin-
eosin staining. Immunohistochemistry (IHC) analysis
was performed by employing anti-CFTR (SAB40734,
Sabbiotech, China).

For immunofluorescence analysis, cells with or
without RSV infection were incubated with primary
antibodies to CFTR (sc-376683, Santa Cruz Biotech,
American) at 4 °C overnight, followed by incubation
with  FITC-labeled

secondary antibody at room

temperature for 1 h. Images were taken on an Olympus
IX170 inverted fluorescence microscope at 400x

magnification.

1.4 Detection of chloride concentration in 1l6HBE140-
cells

A CI fluorescence probe, N-(ethoxycarbonylmethyl)-
(MQAE; abl145418,
Abcam, England), was used to detected intracellular

6-methoxyquinolium  bromide

chloride concentration ([Cl7])). It detects ion levels
through a diffusion-limited collision quenching method.
When [CIl], increases, its fluorescence intensity
decreases proportionally with the increase of [CI7]"".
Briefly, I6HBE14o0- cells were incubated with 5 mmol/L
MQAE. After 1 h of incubation in the dark at 37 °C,
unbound probe was removed. Fluorescence images were
taken by a laser scanning confocal microscope (Zeiss
LSM710, Germany) at an excitation wavelength of
350 nm.

1.5 Electrophysiological experiments on CI" channel
regulated by CFTR in RSV infected 16HBE140-
cells

Whole cell recordings with a List EPC-10 Patch-
Clamp Amplifier were performed according to
procedures previously described"?'. Forskolin (5 umol/L)
was used to stimulated CFTR CI” current. RSV infected
Gl cells and control cells were clamped at —40 mV and
pulsed from —80 to +80 mV by 20 mV increments. The
maximum current value under each voltage state was

taken to draw the current-voltage (/-V) relation curve.

1.6 ELISA

The contents of transforming growth factor-p1
(TGF-B1) in the culture supernatants of RSV infected
16HBE140- cells were quantified by ELISA (Sigma, St.
Louis, MO, USA) according to the manufacturers’
instructions.

1.7 Real-time RT-PCR

Total RNA was extracted from lung tissues or
16HBE140- cells. Total RNA (1.0 pg) was used to
synthesize ¢cDNA employing the PrimeScript™ RT
master mix kit (Takara, Japan). Real-time RT-PCR
analyses were conducted using SYBR" Premix Ex Taq™
IT system (Takara, Japan) on a deep well Real-Time
PCR Detection System (CFX96 Touch™; BioRad, CA,
USA). Primer sequences used in this study are shown in
Table 1.
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Table 1 Primers used for real-time PCR analysis

Gene Sequence of primers
RSV NS1 Forward 5'-TAGCCAAAGCAGCAATAC-3'
Reverse 5'-CAAGCCCAAGTAAATCAG-3'
mouse HPRT Forward 5'-AGGCCAGACTTTGTTGGATTTGAA-3'
Reverse 5'-CAACTTGCGCTCATCTTAGGCTTT-3'
mouse TLR4 Forward 5'-AGCTTCTCCAATTTTTCAGAACTTC-3'
Reverse 5'-“TGAGAGGTGGTGTAAGCCATGC-3'
mouse IL-6 Forward 5'-GACTGGGGATGTCTGTAGCTC-3'

Reverse 5'-TGAAGTAGGGAAGGCCGTG-3'

mouse TGF-1

Forward 5-TCAGACATTCGGGAAGCAGT-3'

Reverse 5'-TCGAAAGCCCTGTATTCCGT-3'

mouse CFTR

Forward 5-TCCCCACTGCCGTACAGATA-3'

Reverse 5'-CTGTTTGGGTTTGCTCCACG-3'

human TLR4

Forward 5'-CCCTGAGGCATTTAGGCAGCTA-3'

Reverse 5'-AGGTAGAGAGGTGGCTTAGGCT-3'

human CFTR

Forward 5'-GGAGTAGCCGACACTTTGCT-3'

Reverse 5'-GCTGGAGTTTACAGCCCACT-3'

human GAPDH

Forward 5-GAAGGTGAAGGTCGGAGTC-3'

Reverse 5'-GAAGATGGTGATGGGATTTC-3'

1.8 Western blotting

Total protein in 16HBE140- cells was extracted by
RIPA containing protease inhibitor. Proteins was
fractionized by 10% SDS-PAGE gels and transferred to
a PVDF membrane. The membrane was blocked with
5% skim milk for 2 h at room temperature. Then,
primary antibody was added and incubated at 4 C
overnight. The following day, membrane was incubated
with secondary antibody at room temperature for 1 h.
The expressions of CFTR (SAB40734, Sabbiotech,
China), Smad2 (ab228765, Abcam, England), and
phosphorylated Smad2 (ab188334, Abcam, England)
were determined with corresponding antibodies. To
block TGF-B1, 16HBE14o0- cells were cultured with
SB431542 (10 pmol/L) (Selleck Chemicals, USA) for
24 h.

1.9 Statistics analysis

Data were expressed as mean+standard deviation
(xxs). All experiments were independently repeated at
least 3 times. Student’s f-test was used for comparison
between the 2 groups, and the analysis of variance
(ANOVA) was used for the comparison between
multiple groups. Statistically significant was considered
when P<0.05.

2 Results

2.1 CFTR expression in airway epithelium decreased
after RSV infection in vivo

To confirm the changes in CFTR protein
expression induced by RSV infection, we constructed a
RSV infected mouse model, which was verified by
increased viral load (Figure 1A), increased infiltration of
inflammatory cells in lungs (Figure 1B), and increased
mRNA expression of TLR4, IL-6, and TGF-B1 (Figure
1C). We also observed the decreased expression of
CFTR in RSV infected mouse (Figure 1C and 1D),

especially on airway epithelial cells.

2.2 Dynamic changes of CFTR expression in
16HBE 140- cells with progressive RSV infection

RT-PCR result showed that RSV NSI protein was
progressively increased in 16HBE140- cells during
successive passages from Gl to G3 (Figure 2A).
Correspondingly, the mRNA expression of TLR4 also
increased from G1 to G3 in RSV-infected cells (Figure
2B). By wusing immunofluorescence and Western
blotting, we revealed that after infection with RSV, the
expression of CFTR protein gradually decreased from
G1 to G3 (Figure 2C and 2D).
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Figure 1 CFTR expression in airway epithelium decreased after RSV infection in vivo

A: RT-PCR validation of RSV NS1 protein in mouse lung, *P<0.05 vs control; B: Representative images of HE staining of lung
sections (scale bar=50 um); C: RT-PCR validation of the expression of TLR4, IL-6, TGF-f1, and CFTR mRNA in mouse lung after

RSV infection, *P<0.05, **P<0.01 vs control; D: Representative images for immunohistochemical staining of CFTR in lung

sections from mice exposed to RSV (scale bar=50 pm).
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Figure 2 Dynamic changes of CFTR expression in 16HBE140- cells with progressive RSV infection

A: RT-PCR amplification of RSV NS1 mRNA (280 bp) in different generations of 16HBE14o0- cells infected by RSV; B: RT-PCR
validation of the expression of TLR4 mRNA in different generations of 16HBE140- cells infected by RSV (n=5, *P<0.05); C:
Immunofluorescence of CFTR in 16HBE140- cells infected by RSV (scale bar=20 um); D: Western blotting validation of the
expression of CFTR protein in Il6HBE140- cells infected by RSV (n=3, * P<0.05, **P<0.01).
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23 [CI], in 16HBEI140- cells increased with
progressive RSV infection

To clarify the functional significance of the
decrease expression of CFTR, we detected intracellular
[CI'], in 16HBEI40- cells with MQAE fluorescence.
The fluorescence intensity decreased proportionally with
the increase of [Cl]. As a positive control, forskolin
induced a significant decrease in [CI], (high intensity
fluorescence), indicating a dramatically chloride efflux
stimulated by forskolin. After infection with RSV,
fluorescence intensity gradually decreased in Gl to G3
cells, indicating the increasing [CI], induced by
progressive RSV infection (Figure 3A and 3B). These
results suggested that the CI” channel function of CFTR

Forskolin

Control

MQAE fluorescence

& & & &

is suppressed due to RSV infection.

2.4 Inhibition of CFTR currents by RSV infection

CI" currents in 16HBE140- cells were completed
by whole cell recordings in the presence or absence of
RSV infection.
associated /-V plots are presented in Figure 3C and 3D.

Typical whole cell currents and
Forskolin was used to stimulated CFTR CI” currents in
16HBE140- cells. RSV infection caused a significant
decrease of CI” currents. The CI” currents were inhibited
by glibenclamide (CFTR CI” blockers), but not by 4,4'-
diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS)
(non CFTR dependent CI™ blocker), indicating they are

functional CFTR currents.
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Figure 3 RSV infection decreased the function of CFTR in 1l6HBE14o0- cells

A: Confocal fluorescent images of living 16HBE140- cells stained with MQAE (scale bar=20 um); B: Fluorescence intensity of
MQAE in different groups of 16HBE140- cells (n=100, *P<0.05); C: Current traces for CFTR in representative 16HBE14o0- cells;
D-E: I-V curves for CFTR current. Cells were held at =40 mV and cells pulsed from —80 to +80 mV by 20 mV increments (n=5).
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2.5 RSV infection decreased CFTR expression
through activation of TGF-B1 signaling

TGF-B1 mRNA expression in lung tissues of RSV-
infected mice was significantly elevated (Figure 1C),
RSV infected 16HBE14o0- cells produced TGF-B1 (Figure

Samd2 [Seee B B S s | 52 kD

4A). Phosphorylation of Smad2 was also observed
following progressive RSV infection (Figure 4B).
Disruption of TGF-B1 signaling by SB431542 prevented
Smad2 phosphorylation (Figure 4B) and rescued the
expression of CFTR (Figure 4C and 4D).
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Figure 4 RSYV infection decreased CFTR expression through activation of TGF-B1 signaling

A: ELISA validation of the contents of TGF-B1 in the supernatants of RSV infected 16HBE140- cells (n=3, *P<0.05). B: Smad2 and
p-Smad2 expression in RSV-infected 16HBE140- cells by Western blotting with or without SB431542 (n=3, **P<0.01). C: RT-PCR
validation of the expression of CFTR mRNA in different generation of 16HBE14o0- cells infected by RSV with or without SB431542
treatment (n=3, *P<0.05, **P<0.01, ***P<0.001). D: CFTR expression in RSV-infected 16HBE140- cells by Western blotting with

or without SB431542 (n=3, *P<0.05, **P<0.01, ***P<0.001).

3 Discussion

Many prospective studies have shown that lower
respiratory tract infection caused by RSV in early life is

3151 However, the

related to the development of asthma!
of the effect of RSV

respiratory physiology remain unclear. A number of

mechanisms infection on
studies indicated that RSV can potentially persist in
airway epithelial cells. The persistent infection of RSV
chronic

is closely associated with

disease'" "7, Transport of CI” by CFTR accounts for the

respiratory

fluid secretion and is crucial for airway surface liquid
homeostasis'®. Emerging evidence supports the roles for
CFTR in epithelial barrier integrity, wound repair,
mucus secretion, and clearance, which are critical in
CFTR dysfunction is

[18-19]

airway host defense

associated with the pathogenesis of chronic obstructive
pulmonary disease (COPD) and hyperresponsiveness of
asthma.

In this study, we observed a down-regulation of
CFTR expression in airway epithelial cells of RSV
infected mice. By using a progressive RSV infected
16HBE140- cell model™, we found that the expression
of CFTR progressively decreased upon RSV infection
from passages of Gl to G3. Decreased protein
expression was accompanied by the decrease of CFTR
function, which is characterized by the determination of
intracellular [Cl'], by MQAE and the measurement of
[CI], by whole-cell patch clamp recordings. RSV
infection-induced CFTR dysfunction may occur by
activating the signaling pathway of TGF-B1.

Airway dysfunction caused by RSV infection may
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be a direct damage caused by virus replication in airway
epithelial cells, but it may also be promoted by airway
inflammation™. In the process of RSV infection, TLR4
plays a key regulatory role in both innate and acquired
immunity®' .

This receptor activates nuclear factor-kB, and thus,
such as IL-1 and IL-6

RSV can inhibit cell innate immunity

inflammatory  cytokine

production™.
through a variety of different mechanisms to maintain its
growth in the host. Two RSV NS proteins, NS1 and
NS2, are involved in anti-host defense by IFN
suppression®”,

In this study, 16HBE140- cells were infected with
RSV at a MOI of 0.01. TLR4 and NS1 were
progressively increased in 16HBE140- cells during
passages of Gl to G3 and cells survived to G3. The
increased expression of NS1 gene may contribute to the
success of RSV in establishing sustained infections in
16HBE140- cells. Our findings demonstrated that
progressive RSV infection may cause acquired CFTR
dysfunction, including decreased CFTR expression,
reduced CI secretion and channel gating in 16HBE140-
cell. Previous studies have also implicated cigarette-
smoke exposure™ and oxidant stress® to CFTR
dysfunction, which will potentially contribute to more
severe pulmonary manifestations.

Next, we demonstrated that the TGF-p1 signaling
pathway is involved in the regulation of CFTR
expression in airway epithelial cells infected by RSV.
TGF-B1 is a pleiotropic cytokine that acts as an
important immunomodulatory factor in airway. Studies
demonstrated that children with severe asthma have
elevated levels of TGF-B1, and are susceptible to
exacerbation of asthma when infected with RSVP",
TGF-BI produced by RSV infected macrophages inhibits
the type I interferon response and impairs mitochondrial
function™. Consistent with these studies, in our study,
RSV infected 16HBE14o0- cells showed a progressively
increases of TGF-B1, which in turn activates TGF-p1
dependent signaling pathway of Smad2. Disruption of
TGF-B1 signaling by SB431542 prevented Smad2
phosphorylation and rescued the expression of CFTR.

In summary, we validated the decreased expression
of CFTR and the suppression of CFTR function in
response to the progressive RSV infection. Given the

reduced ciliated cells and excessive mucus production as

common pathophysiological mechanisms for many
airways diseases such as asthma and COPD, the
decrease of CFTR function will impose marked effects
on mucus clearance and airway homeostasis. Treatments
aimed at increasing CFTR function may contribute to

reduce the inflammation and airway obstruction

associated with RSV infection, and may help to alleviate

its long-term effects.
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