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ABSTRACT

The apical junctional complexes (AJCs) of airway epithelial cells are a key component of the innate
immune system by creating barriers to pathogens, inhaled allergens, and environmental particles.
AJCs form between adjacent cells and consist of tight junctions (TJs) and adherens junctions (AJs).
Respiratory viruses have been shown to target various components of the AJCs, leading to airway
epithelial barrier dysfunction by different mechanisms. Virus-induced epithelial permeability may
allow for allergens and bacterial pathogens to subsequently invade. In this review, we discuss the
pathophysiologic mechanisms leading to disruption of AJCs and the potential ensuing ramifica-
tions. We focus on the following viruses that affect the pulmonary system: respiratory syncytial
virus, rhinovirus, influenza viruses, immunodeficiency virus, and other viruses such as coxsackie-
virus, adenovirus, coronaviruses, measles, parainfluenza virus, bocavirus, and vaccinia virus.
Understanding the mechanisms by which viruses target the AJC and impair barrier function may
help design therapeutic innovations to treat these infections.

Introduction

The human airway is in direct contact with the
outside world, and therefore, is an integral member
of the innate immune system and maintaining
inner homeostasis. The airway acts as a barrier,
comprised of surface liquids, mucus, and epithe-
lium with its apical junctional complexes (AJCs)."?
AJCs form between adjacent cells and consist of
tight junctions (TJs) and adherens junctions (AJs),
maintaining cell polarity and attachment between
neighboring cells. Likewise, AJCs control molecule,
microorganism, and particle trafficking throughout
the paracellular space in a semipermeable manner
(Figure 1)."? The apical TJ is a dynamic structure
and undergoes continuous turnover.” It includes
three main subsets of proteins: 1. The claudin
family, comprising claudin-1 through 27 in mouse
and human;* 2. The tight junction-associated
Marvel domain-containing (TAMPs) family, con-
taining occludin, tricellulin, and MARVEL
domain-containing protein 3 (MARVELD3); and
3. The immunoglobulin family, consisting of
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Junctional Adhesion Molecule-A (JAM-A), JAM-
B, JAM-C, and the Coxsackie and Adenovirus
Receptor (CAR).>® Immunohistological experi-
ments have shown that claudins differ in their
intracellular localization. Claudin-3, -5, and -8
have been detected exclusively in T] complexes,
while claudin-1 and —4 localized throughout the
lateral membranes and the apico-lateral TJ
complexes.””” The localization patterns have impli-
cations for viral targeting of these proteins, as dis-
cussed in subsequent sections.

The A]J is located more basally than the TJ and
contains proteins within the Cadherin family, most
notably E-cadherin, and the nectin sub-family."
They maintain and stabilize cell-cell adhesions
and regulate the actin cytoskeleton. Moreover,
E-cadherin binds to a — and -catenin, which are
involved in gene expression, intracellular signaling,
and transcriptional regulation. Cytosolic plaque
proteins and polarity proteins both interact with
T] proteins and play crucial parts in maintaining
TJ function. TJ proteins bind to zonula occludens
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Figure 1. Structure of the airway epithelial cell apical junction complexes. The human airway comprises epithelium, surface
mucus layers, and underlying immune cells, such as dendritic cells (DC). AJC form between neighboring cells and comprise TJ and AJ,
which are associated with an underlying perijunctional actin cytoskeleton. Respiratory viruses can lead to AJC disassembly and
disruption. Subsequently, virus-induced epithelial permeability may allow for allergens, environmental insults, like pollution and
cigarette smoke, and bacterial pathogens to invade. An immune response, represented here with DG, is activated to combat the viral
infection and reestablish the AJC and eliminate the bacterial pathogens and allergens that gained access to the internal system.
Multiple pathways have been implicated in restoring the AJC barrier. Following RSV infection, cyclic adenosine cAMP and PKD-
inhibitors have reduced viral replication and attenuated AJC disruption to restore the epithelial barrier. This image was created with
BioRender.com.

Abbreviations used in the image: AJC (apical junctional complex), AJ (adherens junction), TJ (tight junction), ZO (zonula occludens),
DC (dendritic cell), cAMP (cyclic adenosine monophosphate), PKD (protein kinase D), RSV (respiratory syncytial virus), HRV (human
rhinovirus), COVID-19 (coronavirus disease 2019, also known as SARS-CoV-2), SARS-CoV (severe acute respiratory syndrome corona-
virus), HIV (human immunodeficiency virus), MeV(measles virus), IAV (influenza A virus), EV (enterovirus), CV (coxsackievirus), AdV
(human adenovirus), HIN1 (2009 pandemic Influenza A/HINTpdm09 strain), HPIV (human parainfluenza virus), HBoV (human
bocavirus), VV (vaccinia virus), CAR (coxsackie and adenovirus receptor).

(ZO) family plaque proteins, which link the TJ with ~ apical and basolateral polarization. Some major
actin-binding proteins. Together, these proteins  polarity proteins include Crumbs complex, com-
regulate paracellular transport of ions and small  prised of Crumbs, Proteins Associated with Lin
molecules, as well as maintain cellular structure by ~ Seven 1 (PALS1), PALSI-Associated Tight
interacting with the actin cytoskeleton. Polarity = Junction protein (PAT]), and the Scribble complex,
proteins play a vital role in the maintenance of  containing scribble, Dlg, and Lgl."?



Table 1. Viral disruption of tight junction proteins.
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Virus Virus Type (RNA/ In Vitro In Vivo TJ/AJ proteins Citation
DNA)
Respiratory Syncytial ~ enveloped, negative-sense, 16HBE wildtype C57BL/6 mice Disassembly of ZO-1, occludin, 15-20
Virus (RSV) single-stranded, RNA virus AECs E-cadherin, B-catenin
Nasal Epithelial Cells  wildtype BALB/6 mice | claudin-1 and claudin-4
Human Rhinovirus non-enveloped, positive-sense, 16HBE wildtype | Z0-1, claudin-1, occludin, 21-24
(HRV) single stranded, AECs C57BL/6 mice E-cadherin
RNA virus Primary Human Nasal
Epithelial Cells
Coxsackievirus (CV- non-enveloped, positive-sense, 16HBE N/A | claudin-4, E-cadherin, 25-28
A16) & Enterovirus single-stranded, Z0-1
(EV-A71) RNA virus
Human Adenovirus non-enveloped, double- AECs N/A | PALS1 and Z0-2 14
(AdV) stranded,
DNA virus
Influenza A (IAV) enveloped, negative-sense, I1SO-HAS-1 Cells N/A | claudin-4 29,30
single-stranded, RNA virus NC1-H441 Cells
Influenza HIN1 virus enveloped, negative-sense, AECs N/A | ZO-1 and F-actin 31,32
single-stranded, RNA virus cytoskeleton
Human enveloped, positive-sense, AECs HIV-1 transgenic and wild- | Z0-1, occludin, 33-36
Immunodeficiency single-stranded, type Fischer 344 rats claudin-1, claudin-2,
Virus (HIV) RNA virus claudin-4,
claudin-18,
E-cadherin
Severe Acute enveloped, positive-sense, MDCKII N/A | E-cadherin 37,38
Respiratory single-stranded, and ZO-1
Syndrome RNA virus
(SARS-CoV)
Severe Acute enveloped, positive-sense, AECs N/A | ZO-1 39
Respiratory single-stranded,
Syndrome 2 RNA virus
(SARS-CoV-2)
Measles Virus enveloped, negative-sense, AECs N/A Disassembly of F-actin 40,41
(MeV) single-stranded, | nectin-4
RNA virus
Human Parainfluenza  enveloped, negative-sense, A549 N/A | claudin-1 42-44
Virus single-stranded, AECs
(HPIV) RNA virus
Human Bocavirus non-enveloped, positive-sense, ~ AECs N/A Disassembly of ZO-1 45-47
(HBoV) single-stranded, A549 | claudin-1
DNA virus
Vaccinia Virus (VV) Eenveloped, double-stranded, AECs N/A | Z0-1 48
DNA virus

Viruses are obligate intracellular parasites and
require the use of living cellular machinery for
survival.'' This means that viruses have to enter
cells, transport their genome to the cytosol or
nucleus, and then replicate and produce their pro-
geny. Viral infections enter epithelial cells either via
binding to specific AJC targets as receptors for sub-
sequent internalization or by causing disassembly of
distinct AJC proteins through regulating the expres-
sion or localization of the protein, thus obtaining
unencumbered access to the underlying tissue.'*"
Many viruses bind to receptors on the apical side of
the epithelial cells. Others, however, target basolat-
eral receptors, which are ordinarily inaccessible due
to the TJ barrier. These viruses have developed
mechanisms to cause T] disassembly, typically either
through regulation of protein expression or

localization, in order to reach their receptors.'*
While some viral infections lead to barrier dysfunc-
tion by direct cytotoxicity, others cause AJC disrup-
tion without inhibiting cell viability, which may
represent an evolutionary strategy that facilitates
viral replication." Not only does AJC dysfunction
allow for viral infectivity, but virus-induced epithe-
lial permeability may allow for allergens and bacter-
ial pathogens to subsequently invade.” In this
review, we discuss the pathophysiologic mechan-
isms of viral entry resulting in disruption of the
AJC, subsequent ramifications, and restoration of
the epithelial barrier. We focus on the following
viruses that affect the pulmonary system: respiratory
syncytial virus (RSV), human rhinovirus (HRV),
influenza viruses, human immunodeficiency virus
(HIV), and multiple other viruses such as
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coxsackievirus (CV), adenovirus (AdV), corona-
virus family, measles virus (MeV), human parain-
fluenza virus (HPIV), human bocavirus (HBoV),
and vaccinia virus (VV). Uncovering the mechan-
isms by which viruses impact the AJC and impair
barrier function will help design therapeutic innova-
tions to treat these infections.

Viral disruption of tight junctions

Emerging evidence has shown that different viruses
cause AJC dysfunction by targeting several T] and
AJ proteins (Table 1). The majority of these studies
have been conducted on transformed airway epithe-
lial cell lines, which form polarized, tight barriers,
while others have utilized primary airway epithelial
cells (AECs) and murine models. Below, we discuss
recent studies that have investigated the impact of
viral infection on airway epithelial barrier integrity.

Respiratory Syncytial Virus (RSV)

The family Pneumoviridae was recently reclassified
as a family with two genera, orthopneumovirus and
metapneumovirus. Human RSV is a representative
member of the orthopneumovirus family, and
human metapneumovirus (hMPV) is an example
within the metapneumovirus family.”” These
viruses are large, enveloped, negative-sense, single-
stranded, RNA viruses. There are multiple reports
of the effect of RSV on the airway epithelial barrier,
while the effect of hAMPV has not been studied. RSV
primarily infects airway epithelial cells and is the
leading cause of lower respiratory tract infections
(LRTI) among young children and a significant
cause of morbidity and mortality among the elderly
and immunocompromised individuals.”* > It is
transmitted by either direct or indirect contact
with respiratory droplets.”>>* Multiple studies
have shown a strong association between RSV
infection, persistent wheezing, and childhood
asthma.”® ™’ Environmental exposures are consid-
ered to be major driving factors for exacerbations of
viral infection and may increase the susceptibility
of the airway epithelial barrier to RSV infection.”®
Our group previously showed that RSV infection
of both 16HBE140 - human bronchial epithelial
(16HBE) cell lines and primary AECs led to disas-
sembly and disruption of T] and AJ proteins, such

as ZO-1, occludin E-cadherin, B-catenin, and clau-
din-1 and 4 independent of cell death and necrosis.
Moreover, RSV infection did not affect the expres-
sion and total quantity of AJC proteins, indicating
that the changes in the assembly of the AJC could
be explained by rearrangements and internalization
of the TJs, a process called endocytosis.'> These
results were consistent with other studies that
showed RSV induced a decrease in epithelial resis-
tance and increased permeability of the
monolayers.'® While these studies in 16HBE and
AECs cells obtained from lower airways showed
marked disruption of claudin-4, studies done in
nasal epithelial cells showed an induction of clau-
din-4, which is possibly explained by the differences
in cellular and anatomic properties between nasal
and bronchial epithelial cells."”

Protein kinase D (PKD) is involved in regulating
cell motility, polarity, and shape by controlling the
phosphorylation of cortactin.’>® Cortactin is
a ubiquitously expressed actin-binding protein
that regulates F-actin dynamics between polymer-
ization and depolymerization states during plasma
membrane remodeling.°"®* Studies showed that
PKD colocalizes with E-cadherin, indicating
a close role in AJC.®® Other investigators showed
that activation of PKD could decrease the expres-
sion of claudin-1 in bronchial epithelial cells.®* Our
group showed that in both 16HBE and AECs, RSV
infection  triggered =~ PKD-dependent  TJ
disassembly.®® In another study, we showed similar
effect of double-stranded RNA (dsRNA) mimetic,
poly(I:C), induced barrier dysfunction, which was
also prevented by PKD antagonists.”” TJ and AJ are
associated with cortical F-actin bundles, which are
essential for their stabilization in steady-state
epithelial cell monolayers.” Taken together, RSV-
induced AJC disorganization and dysfunction is
likely a result of cortical F-actin cytoskeletal remo-
deling, which is regulated by PKD phosphorylation
of cortactin. Likewise, RSV-induced relocalization
of cortactin was significantly reduced by pretreat-
ment of epithelial cell monolayers with cyclic ade-
nosine monophosphate (cAMP) analogs. Cyclic
cAMP is an essential second messenger required
for many critical homeostatic cellular functions
such as hormonal regulation, cell differentiation
and proliferation, and gene expression.®> Elevated
cAMP levels in epithelial cells modified RSV-



induced airway barrier disruption and reduced
viral replication.'” Interestingly, this study showed
a barrier-protective role for cAMP even when
added up to 24 h after viral inoculation.'®

In wild-type C57BL/6 mice, RSV infection
induced downregulation of ZO-1, occludin, and
claudin-1 proteins.'® Another study using wild-
type BALB/c mouse also found that RSV infection
led to decreased mRNA expression of claudin-1
and occludin in lung samples.®® There is evidence
that ZO-1 and occludin act as positive regulators of
epithelial barrier integrity, and therefore, these
changes likely contribute to the leakiness of the
airway epithelial barrier following infection. The
loss of ZO-1 has been shown to be associated with
increases in paracellular permeability to ions and
large  uncharged  molecules.'”*®  Similarly,
decreased occludin attenuated the formation of
barrier structure in vitro, ® and downregulation
of claudin-1 was associated with increased perme-
ability of airway epithelial monolayers.®* There was
an increase in inhaled fluorescent dextran uptake
and evidence of increased flux of substances across
the respiratory membranes in the mice, thus sug-
gesting the important role of ZO-1, occludin, and
claudin-1 in barrier integrity. Intriguingly, RSV
infection induced marked upregulation of clau-
din-2 expression.'®*' Claudin-2 belongs to
a subset of T] proteins called pore-forming TJ that
prevent epithelial barrier formation, and claudin-
2-deficient mice showed decreased permeability in
renal proximal tubules.®® Likewise, upregulation of
claudin-2 by proinflammatory cytokines was
shown to increase the permeability of epithelial
barriers.®

Human rhinovirus

HRV is a member of the Enterovirus genus and
family Picornaviridae and is a non-enveloped,
positive-sense, single-stranded RNA virus.”>”!
HRVs are divided into three distinct groups:
HRV A, HRV B, and HRV C .”*”’ Transmission
of HRV occurs through either direct contact or
through small aerosol droplets. It is the leading
cause of the common cold and upper respiratory
tract infections.”' Previous studies have revealed
that infection of AECs and 16HBE with HRV
causes a decrease in trans-epithelial electrical
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resistance (TEER) and an increase in paracellular
permeability. In both in vivo and in vitro studies,
HRYV caused disassembly of ZO-1. Some studies
have found a dose-dependent increase in apopto-
sis, ® while others have found no evidence of cell
death.””* Looi et al. observed a decrease in clau-
din-1, occludin, and ZO-1 protein expression in
AECs obtained from asthmatic children compared
to non-asthmatic.”® Interestingly, there was sus-
tained barrier dysfunction in the AECs of asth-
matic  children, suggesting a  continued
compromise of the airway. In addition to the
same AJC changes that Looi et al. detected, Faris
et al. observed a reduction in expression of clau-
din-4, E-cadherin, and Crumbs3 in polarized,
undifferentiated AECs from healthy nonsmokers.-
7% Similarly, in primary human nasal epithelial
cells, HRV decreased ZO-1, occludin, claudin-1,
and E-cadherin expression, thereby increasing
permeability for viral entry.”"**

Understanding the underlying mechanism is
crucial in determining possible therapeutic targets.
HRV-induced epithelial cell dysfunction was not
modified by neutralizing chemokines, such as
tumor necrosis factor (TNF)-a, IFN-y, and IL-1p,
suggesting a cytokine-independent process.*
NADPH oxidase (NOX), a multiunit enzyme that
mediates the release of reactive oxygen species
(ROS), called the oxidative burst, during viral and
bacterial infections, > has been shown to contri-
bute to the inflammatory pathway and barrier dis-
ruption in multiple viruses, such as RSV, influenza,
and Hepatitis C .”*””® Comstock et al. showed, in
16HBE, that HRV-induced ZO-1 and occludin dis-
sociation from the cell periphery was due to the
generation of ROS by Racl-dependent NOXI
activity.”” Racl is a GTPase protein that regulates
many cellular processes, such as cell-cell adhesion
and motility.*” These effects were also replicated by
using poly(I:C), which suggests that HRV exerts its
barrier disrupting effects through the generation of
dsRNA. Inhibitors of Racl attenuated HRV - and
poly(I:C) - induced disruptions of barrier function.
In nonpolarized AECs, HRV was shown to still
stimulate ROS generation, but instead through acti-
vation of xanthine oxidase.”” Further studies are
warranted to understand the role of antioxidants
in viral clearance and bacterial superinfection
prevention.
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Coxsackievirus (CV) and other enteroviruses

CV and other enteroviruses are also other members of
the Enterovirus genus and family Picornaviridae.
These viruses cause a range of diseases, like poliomye-
litis, hepatitis A, hand, foot, and mouth disease, and
the common cold, and can also trigger severe respira-
tory infections.*"®* Transmission usually happens
through the respiratory droplets, but can alsooccur
through fecal-oral contamination,>>*#">84

The effect of enterovirus-A71(EV-A71) and cox-
sackievirus-A16 (CV-A16) on airway barrier have
been studied. Epithelial permeability increased in
16HBE cells infected with either EV-A71 and CV-
A16 infections, suggesting a disruption in TJ
assembly.”> There was decreased claudin-4,
E-cadherin, and ZO-1 levels due to a decrease in
the poliovirus receptor related protein 1 (PVRL1).*
PVRLI, also known as nectinl, serves as a cell
adhesion molecule (CAM) at the AJ level. This
epithelial barrier breakdown allows exposure of
the CAR, a member of the immunoglobulin TJ]
family, as it is located more basolateral within the
TJ.>>7 As a result, these viruses bind to CAR,
leading to infection of the epithelial cell and spread
to neighboring cells. In addition, coxsackie
B internalization is coupled with the endocytosis
of occludin, and studies have shown their co-
localization in vesicles inside cells.'"**®* Occludin
enters the cell via macropinocytosis, while cox-
sackie enters through caveolin-mediated endocyto-
sis. Despite this difference, drugs that impair the
macropinocytosis of occludin also impair virus
internalization, and vice versa.

Adenovirus

AdVs are members of the Adenoviridae family,
which are non-enveloped, double-stranded, DNA
viruses.*” *® Human AdVs are common causes of
upper and lower respiratory tract infections, as well
as conjunctival and gastrointestinal  tract
infections.**®®  Transmission usually occurs
through aerosol droplets, either by direct contact
or surface contact.’”*® Like many EVs and CVs,
AdVs also bind to CAR for viral entry, and there-
fore, similarly, TJ disruption is required in order for
AdVs to reach the receptor. AdV 9 E4-OREF, as
a representative example, binds to PAT] and ZO-2

proteins, which causes a disruption in the TJ and
cell polarity without comprising the AJ.'"* This
allows for AdV binding of CAR, and subsequent
binding of more basolateral molecules called integ-
rins in order to enter the cell. Recent studies have
hypothesized a different mechanism in which AdV
enters cells. A splice isoform of CAR, CAR™®,
localizes to the apical surface of polarized epithelial
cells and thus allows for AdV entry.'* Further
investigation is needed to determine which
mechanisms AdV employs to gain access into the
cells.

Influenza viruses

Influenza  viruses are members of the
Orthomyxoviridae family and are enveloped, negative-
sense, single-stranded, RNA viruses.””*>* Influenza
virus is mainly transmitted by droplets or respiratory
secretions of infected persons.””' It causes upper
respiratory infections, which present with fever,
runny nose, cough and sore throat. It may progress
to the lower respiratory system and present with short-
ness of breath, pneumonia, and respiratory distress.
Acute respiratory distress syndrome (ARDS) and
multi-organ failure are uncommon but potentially
fatal developments of influenza.”*”* Secondary bacter-
ial pneumonia is a frequent complication of influenza
infection, particularly in patients with chronic dis-
eases, which may result in sepsis and significant mor-
bidity and mortality. Influenza viruses are divided into
two major categories: A (IAV) and B .”**° The IAV
viruses are further classified to different subtypes and
strains based on their hemagglutinin (H) and neura-
minidase (N) surface proteins. Influenza HIN1 virus
caused a pandemic in the summer of 2009.

Influenza viruses primarily infect the airway
epithelium and are known to damage the AJC by
altering the cytoskeleton of AECs.”>**"” Short et al.
used an in vitro co-culture model of human epithe-
lial cells and endothelial cells infected with IAV
(HIN1 and H5N1 subtypes). They demonstrated
that the infection induced disruption of the epithe-
lial cell barrier, leading to a significant decrease in
TEER and increase in permeability. There was loss
of claudin-4, but no changes in ZO-1, B-catenin
and E-cadherin.**?° The barrier disruption was
not due to cell death, which is in contrast with
previous studies showing cell death in influenza



infected cells.”® Interestingly, infection was only
detected inside epithelial cells, and not endothelial
cells, suggesting that epithelial cells may be more
permissive to AV infection.’® Pro-inflammatory
cytokines were upregulated by endothelial cells
but did not play a role in epithelial barrier
dysfunction.™

In another study, differentiated AECs cells were
infected with 2009 pandemic Influenza A/
HINIpdm09 strain.’ There was evidence of
a decline in barrier function, with a marked
decrease in TEER and increase in permeability.
They showed a decrease of ZO-1 and the F-actin
cytoskeleton, as well as cell death following viral
infection and barrier dysfunction.”® Many cyto-
kines and chemokines were secreted in infected
cells, with a significant increase in IL-6, TNF-aq,
and IL-8, suggesting activation of anti-viral inflam-
matory responses.’’ Further research is needed to
determine if the increased cytokine production is
independent of or a result of AJC disruption.
Another study used two strains of HIN1pdmO09
viruses, A/California04/09 (CA04), and A/
New York/1682/09 (NY1682), to infect human
alveolar type II epithelial cells. The study, similarly,
found a disruption of the airway barrier with
a decrease in TEER and increase in permeability.
NY1682 had a higher infectivity rate compared to
CA04 and resulted in significantly more epithelial
barrier injury, but it stimulated less cytokine
production.’?

Human Immunodeficiency Virus (HIV)

HIV is a member of the Retroviridae family and an
enveloped, positive-sense, single-stranded, RNA
virus that, upon entry into the target cell, under-
goes reverse transcription and converts to double-
stranded DNA.>' In 2019, there were approxi-
mately 38 million people worldwide living with
HIV.”” The virus is primarily transmitted through
sexual contact, infected blood, and perinatally.'®
Pulmonary infection remains the leading reason
for hospitalization among individuals with HIV,
and multiple previous studies have also identified
noninfectious pulmonary complications, such as
chronic obstructive pulmonary diseases (COPD)
and poor lung function.**'°" HIV infects the
airway epithelium and induces secretions of
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mucus and pro-inflammatory cytokines.”> Brune
et al. studied the role of HIV on primary AECs
monolayers by infecting the cells with two differ-
ent HIV strains, X4 tropic and R5 tropic. Cells
exposed to HIV X4 tropic strain increased para-
cellular permeability within 24 hours, compared to
control cells or HIV R5 tropic cells. This was not
due to cell death or apoptosis.’> There was
a statistically significant decrease in E-cadherin
mRNA, and protein levels following exposure to
the X4 tropic virus. Furthermore, lysosomal inhi-
bitors attenuated E-cadherin degradation follow-
ing virus exposure. Therefore, this reduction in
E-cadherin protein levels was a result of both
decreased transcription and lysosomal degrada-
tion. Interestingly, AECs cells exposed to HIV R5
tropic showed no changes in E-cadherin.’®> X4
tropic virus uses the CXCR4 co-receptor for cell
entry, while R5 tropic virus uses the CCR5 co-
receptor. Due to the differences in co-receptors,
the X4 tropic virus was internalized by AECs, but
R5 virus was not.”® This perhaps explains the
differences in E-cadherin degradation between
these two strains.

Nuclear factor erythroid 2 (Nrf2) activates anti-
oxidant response elements, thereby protecting cells
from oxidative stress. Fan et al. obtained primary
AECs from HIV-1 transgenic and wild-type Fischer
344 rats to study the role of Nrf2-mediated antiox-
idants on the TJ.>* They found that inhibiting Nrf2
expression triggered a significant decrease in TEER
and an increase in paracellular permeability. This
was due to decreased expression of ZO-1, occludin
and claudin-18. Furthermore, the overexpression of
Nrf2 had a more robust effect on enhancing the
barrier structure and function in cells isolated from
HIV-1 transgenic rats than wild-type.***> Lassiter
et al. showed an increase in oxidative stress in the
lung lavage fluids of HIV transgenic rats, in com-
parison to wild-type rats. This was correlated with
the relocalization of ZO-1 and occludin into the
cytoplasm of cells, as well as overall decreases in
protein expression levels, leading to decreased
TEER and increased paracellular permeability.*®
Next, alveolar epithelial monolayers from wild
type rats were exposed to gpl20 and Tat, HIV-
related proteins, which, similar to the HIV trans-
genic rats, led to decreased ZO-1 and occludin
protein levels at the TJ. Taken together, this



1883965-8 D. T. LINFIELD ET AL.

suggests that gpl20 and Tat produce oxidative
stress, disrupting ZO-1 and occludin and resulting
in barrier dysfunction. Alcohol consumption can
exacerbate HIV-induced oxidative stress. It has
been shown that the combination of alcohol and
HIV decreased ZO-1 and occludin drastically, mak-
ing alveolar epithelial cells more susceptible toward
the virus.>>>°

Coronavirus family

The Coronaviridae family are enveloped, positive-
sense,  single-stranded, RNA  viruses.'*>'?’
Coronaviruses are enteric and respiratory tract
pathogens, which usually cause a mild disease.
However, the Middle East respiratory syndrome
(MERS-CoV), severe acute respiratory syndrome
coronavirus (SARS-CoV), and SARS-CoV-2,
known as Coronavirus disease 2019 (COVID-19),
are well-recognized members of the Coronaviridae
family that cause severe respiratory and systemic
diseases. MERS and SARS-CoV caused large out-
breaks in 2002-2003 and 2012, respectively, while
COVID-19, which was first discovered in Wuhan
city, Hubei province in China in December 2019,
has caused a massive global pandemic, infecting
more than 95 million people and resulting in
more than two million deaths worldwide to date.'**
Pulmonary symptoms associated with these viruses
include dry cough, dyspnea, hypoxemia, pneumo-
nia, and ARDS, and have led to serious complica-
tions such as rapid, progressive respiratory failure
and mortality.'°>'%° To date, there are two vaccines
available for coronavirus prophylaxis, Pfizer-
BioNTech and Moderna COVID-19 Vaccine,
which the Food and Drug Administration (FDA)
granted authorization of emergency use (EUA).
Both of these vaccines use mRNA technology and
require two doses. The mRNA is taken up by cells
and provides the instructions to produce a spike
protein, which is then displayed on the cell’s sur-
face. Because of the spike protein, the immune
system recognizes that there is a threat and initiates
an immune response by making antibodies.'””
Additionally, many other vaccines candidates
against COVID-19 are in pre-clinical, early, and
late phases of development.

The pathophysiology of these viruses causing
inflammation, especially their effect on AECs, is

not well understood. Presently, only a few stu-
dies have investigated the impact of these viruses
on the AEC barrier. A study investigating SARS-
CoV in Madin-Darby Canine Kidney 1II
(MDCKII) epithelial cells showed that binding
of SARS-CoV’s envelope (E) protein to PALSI
PDZ domain caused a rearrangement of PALSI,
leading to disruption of T] proteins, such as ZO-
1 and E-cadherin, loss of barrier function, an
increase in paracellular permeability, and further
infiltration of SARS-CoV virions into the sube-
pithelial space.’” Similarly, De Maio et al. high-
lighted that binding of the E protein to PALS1
could play a role in the pathogenesis of COVID-
19.%® Zhu et al. showed that COVID-19 is able to
replicate in human airway epithelium, leading to
cytopathic effects. However, the effect of the
virus on the airway barrier was not studied.'®®
Robinol et al. published a preliminary, non-peer-
reviewed study that showed evidence of COVID-
19 affecting the tight junction. The study
revealed that COVID-19 decreased TEER,
increased paracellular permeability, and induced
disruption of ZO-1 in primary AECs.” Infected
cells were forced out from the apical side, indi-
cating a role for apoptosis.”® As this novel virus
is rapidly spreading across the world, further
investigation is needed to understand its patho-
genesis, especially the impact on tight junction
barriers in both cell cultures and animal models.

Measles virus (MeV)

MeV is a member of the Paramyxoviridae family
and is an enveloped, non-segmented, single-
stranded, negative-sense RNA virus.** MeV is
highly contagious, as it is transmitted through
respiratory aerosols and continues to affect indivi-
duals worldwide.*'**'"® MeV’s target is com-
monly lymphoid organs, but epithelial tissues of
different organs are susceptible to infection. MV
infects macrophages and dendritic cells in the air-
way to then gain access to the lymphatic organs,
where it replicates. The virus then crosses back into
the airway in order to be expelled and infect the
next host. Until recently, the mechanism of MeV
infection of epithelial cells was unknown, as there
was a limited number of cell lines that support the
virus, and MeV usually infects AECs from the



basolateral surface, which makes the study design
more challenging.'**'"°

Mubhlebach et al. used primary AECs grown in
air-liquid interface and showed that MeV needs
nectin-4, an AJ protein of the immunoglobulin
family, in order to infect and spread basolaterally.*’
They found that strongly nectin-4 positive cells
were located immediately adjacent to infectious
centers. However, nectin-4 was downregulated
within infected epithelial cells.*’ Therefore, it is
believed that nectin-4 is the epithelial cell receptor
for MeV within the airway epithelium. The down-
regulation of nectin-4 allowed MeV to exit into the
airway and be released into the air through cough-
ing and sneezing, thereby leading to infection of the
next host.*' Other AJC proteins may be involved in
MeV pathogenesis, but further research is war-
ranted to confirm this. In one study, well-
differentiated primary AECs were infected with
MeV and there was disassembly of the F-actin fila-
ments on day three of infection.” Ludlow et al.
found no changes in ZO-1, with ZO-1 remaining
intact at the cell membrane, in both in vitro and
in vivo models, suggesting that barrier breakdown
is not necessary for MeV spread to the adjacent
cells.""!

Human parainfluenza virus (HPIV)

HPIV is another member of the Paramyxoviridae
family and is an enveloped, non-segmented, nega-
tive-strand, RNA virus.*> The virus is subdivided
into HPIV 1-5. They are common respiratory tract
pathogens and are known to cause bronchiolitis,
croup, pneumonia, and tracheobronchitis in
children.**** Transmission occurs through direct
or indirect contact with infectious fluids, either
through contaminated fomites on surfaces or
through inhalation of airborne droplets.'"?

A limited number of studies have investigated
the role of tight junction integrity on HPIV infec-
tivity. Both HPIV3 and HPIV5 caused a decrease in
TEER and increased permeability in AECs, indicat-
ing disruption of the epithelial barrier.** However,
this study did not investigate which AJC proteins
were disrupted. In another study, human alveolar
epithelial cells (A549 cells) were infected with
HPIV2. There was an upregulation of claudin-1
mRNA expression but no changes in claudin-3,

TISSUE BARRIERS (&) €1883965-9

claudin-4, claudin-7, ZO-1, ZO-2, and occludin
levels.*> In order to further investigate the impor-
tance of claudin-1 upregulation, the researchers
used A549 cell lines that overexpress claudin-1.
They found decreased HPIV2 growth and protein
expression following viral infection in these cells
and, therefore, that HPIV2 cell-to-cell spread is
inhibited by claudin-1. It is thought that claudin-1
mRNA and protein expression following HPIV
infection is induced by multiple cytokines, such as
TNFa and IL-18.*> HPIV has developed mechan-
isms in order to decrease claudin-1 expression,
thereby promoting its own spread throughout the
body. One of HPIV’s viral proteins, the V protein,
reduced claudin-1 expression during infection,
allowing for both viral entry and dissemination
through cell-to-cell spread.*’ It is proposed that
the V protein suppresses the production of IL-1p,
thereby inhibiting claudin-1 expression. There is
currently no vaccine or antiviral treatments that
can eliminate HPIV from the body.'"
Understanding the mechanisms of viral spread
can aid in developing treatment options.

Human Bocavirus (HBoV)

HBoV is a member of the Parvoviridae family and
is a non-enveloped, positive-sense, single-stranded
DNA virus.*>*® It is categorized into HBoV 1-4
and is a common respiratory virus that causes
acute respiratory infections and wheezing in
young children.**® The transmission mechanism
of HBoV is still unknown. However, other viruses
in this family are transmitted through inhalation
or contact with infectious surfaces.''* In primary
human AECs infected with human bocavirus type
1 (HBoV1), TEER slowly started to decrease after
4 days’ post infection and continued to do so even
after 48 days, which is consistent with the persis-
tent virus’s release Kkinetics.*> Multiple studies
have shown that HBoV1 causes airway epithelial
damage through disassembly of ZO-1 proteins.-
4546 Furthermore, there is a decrease in p-tubulin
IV, a marker for cilia following viral infection.*>*°
In another study, A549 cells were infected with
human bocavirus VP1 unique region (HBoV-
VP1u), which resulted in a significant decrease in
TEER and increase in permeability in these cells."’
The same study found an increase in claudin-1
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and a decrease in occludin. Secretory phospholi-
pases A2 (sPLA2) are a family of enzymes that
play an important role in lung inflammation and
tissue damage, and it was shown that VP1u exhi-
bits sPLA2-like activity, which could explain the
impact of the virus on epithelial barrier injury.*’

Vaccinia virus (VV)

VYV is a member of the Poxviridae family and is an
enveloped, double-stranded DNA virus.'"> VV is
known to cause smallpox, but there is limited
knowledge of how it is spread.''® Infection of
AECs showed that this virus primarily infects
through the basolateral rather than the apical sur-
face, which is accessible near the edges of the cell
monolayers. In AECs, VV had no effect on TEER or
Z0O-1 localization. This is in contrast to studies
done on HeLa and Vero cultured cell lines that
have shown rapid cell death, decrease TEER, and
changes in ZO-1 expression.*® More research is
needed to delineate VV’s impact on the airway
epithelial TJ.

Immune response following viral infection and
tight junction restoration

Following viral infection, two simultaneous
mechanisms need to occur: repairing the tight junc-
tion barrier in order to prevent further viral infec-
tivity and inciting an immune response to combat
the virus. The restoration of tight junction mor-
phology following a viral infection is crucial to
establish a barrier between our internal system
and the outside world. Virus-induced tight junction
disassembly and dysfunction contribute to produ-
cing an immune response. The immune system has
generated multiple mechanisms in response to viral
infection to reestablish the AJC and fight the viral
infection. Viruses induce the upregulations of var-
ious cytokines and chemokines. While some cyto-
kines, such as interleukin (IL) —4 and IL-13, have
been shown to provoke barrier disruption in
16HBE cells and air-liquid interface cultivated
paranasal sinus mucosa cells, others play a vital
role in protecting injured cells.

In human bronchial epithelial cells, IL-4 and IL-
13 act via the Janus kinase/signal transducer and
activator of transcription (JAK/STAT) pathway.

Studies have shown that these cytokines lead to
the disassembly of ZO-1, occludin, E-cadherin,
and B-catenin.''” There were no significant changes
in claudin-1, -2, or —3. In a mouse model, lung IL-
13 reduced claudin-18, while it increased claudin-4
expression.”

IL-22, a member of the IL-10 cytokine family,
provides stability to injured cells and is produced
by natural killer (NK) and natural killer T (NKT)
cells following many viral infections, in particular
influenza infection.''® No studies have looked at IL-
22 activation following former coronaviruses such
as SARS-CoV or MERS.""” However, recent
research suggests that IL-22 may be activated by
COVID-19 infection, which signifies the need for
further investigation to elucidate a causal relation-
ship between this virus and IL-22 signaling.'"® In
vivo studies in wild-type C57BI/6 mice and in vitro
studies in AECs suggest that increased IL-22 pro-
tects the epithelial barrier by promoting increased
levels of claudin-4, ZO-1, and ZO-2."'® As men-
tioned in the previous section, influenza viruses
cause dysfunction of claudin-4, and influenza
HINI, specifically, has also been shown to decrease
levels of ZO-1.*>® Therefore, IL-22 repair of these
tight junctions following viral infection allows for
proper functioning.

IL-22 helps restore the tight junction barrier,
which protects against secondary bacterial infec-
tion. Continuous dysfunction of the AJC can lead
to bacterial infection superimposed on the viral
infection.  Streptococcus  pneumoniae  and
Staphylococcus aureus are the leading causes of
secondary bacterial pneumonia following influenza
infection, and both have been shown to activate IL-
22.'" TL-22 has also been shown to be stimulated
following Klebsiella pneumonia and Pseudomonas
aeruginosa bacterial infections. Increases in IL-22
expression following bacterial superinfection allows
for continued repair of the viral-induced disas-
sembled TJ proteins.'"” IL-22BP is a soluble bind-
ing protein that acts as a competitive inhibitor of
IL-22. In one study, both wild-type C57BL/6 and
IL-22BP-/ - mice (i.e., mice without IL-22BP) were
infected with influenza A for 6 days prior to
S. aureus infection."*® IL-22BP-/ - mice were pro-
tected against S. aureus infection in comparison to
the wild-type mice. The researchers then conducted
a similar experiment with S. pneumoniae infection



following influenza A disease, and similar results
were observed.'*® After 48 hours, there was com-
plete clearance of S. pneumoniae in IL-22BP-/ -
mice, while the bacterial load in wild-type mice
remained high. Further studies showed that clau-
din-1, claudin-4, claudin-5, and claudin-8 gene
expression was increased in IL-22BP-/ - mice fol-
lowing S. aureus superinfection, despite similar
expression during influenza infection alone.'*
These results suggest that IL-22 may exert its effect
on tight junction function similar to what occurred
in IL-22BP-/ — mice. T] impairment can lead to an
increased likelihood of bacterial superinfection and
disease severity, and IL-22 helps mitigate these
effects through increased expression of ZO-1, ZO-
2, claudin-1, claudin-4, claudin-5, and claudin-
g 118,120

HRV may be responsible for up to half of all
viral-associated COPD and asthma exacerbations.-
2121 Betamethasone, a steroid typically used to
treat skin diseases, allergic conditions, and some
rheumatic disorders, has shown promising out-
comes in restoring the AJC barrier following HRV
infection. Inhaled corticosteroids, such as flutica-
sone propionate (FP) and budesonide (BUD) are
used in managing of COPD. They may also aid in
protecting against epithelial barrier dysfunction in
response to viral infection and environmental
insults, like cigarette smoking.

Cigarette smoke leads to T] disorganization,
directly through the cleavage of occludin and clau-
din and indirectly through oxidative stress, which
leads to the production of cytokines, most notably
interleukins IL-6 and IL-8, which results in airway
inflammation. There is a decrease in TEER follow-
ing cigarette smoke extract (CSE) exposure in
16HBE cells.'** In one study, primary nasal epithe-
lial cells and 16HBE cells were exposed to both CSE
and HRV infection, and this resulted in an exag-
gerated decrease in barrier function in both
systems.'*® Interestingly, a single dose of beta-
methasone, the same amount used in commer-
cially-available nose drops, showed significant
protection of the barrier.'”> CSE and poly(I:C) led
to the secretion of IL-8, which was efficiently sup-
pressed by both fluticasone propionate (FP) and
budesonide (BUD).'*> BUD and FP also attenuated
Z0-1 disruption following CSE exposure alone. It is
hypothesized that BUD interferes with epidermal
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growth factor (EGF) receptor activation, thus help-
ing maintain the AJC barrier. Following poly(I:C)
infection, there was a significant reduction in
TEER, which was attenuated following BUD and
FP exposure.'*” Further research is warranted to
determine the role of betamethasone, BUD, and
FP in the treatment of HRV-induced asthma and
COPD.

As mentioned above, HRV is a significant cause
of asthma exacerbations.'”’  Azithromycin,
a macrolide antibiotic used to treat many pulmon-
ary bacterial infections, has been shown to reduce
the severity of an acute asthma exacerbation by
inhibiting Intercellular Adhesion Molecule 1
(ICAM-1), a receptor for HRV."** It may help in
reestablishing the AJC barrier following infection.
In primary AECs, azithromycin induced intracellu-
lar localization of claudin-1 and —4, occludin, and
JAM-A.'?® There were no effects on E-cadherin. Of
note, improved TEER following azithromycin
administration suggests that this processing of TJ
proteins helps decrease permeability and increase
cell integrity, thereby potentially preventing entry
of viral infections."**'** Further studies are war-
ranted to elucidate its mechanism in therapeutic
strategies and its effect on the tight junction barrier.

The coinfection of viruses and bacteria have been
documented in multiple respiratory conditions, like
pneumonia, cystic fibrosis, and  COPD.
H. influenzae is an opportunistic pathogen among
patients with COPD, and coinfection with HRV is
common. In 16HBE monolayers, HRV promotes
paracellular ~ migration of  non-typeable
H. influenzae from the apical to basolateral surface
strictly in the cells with disrupted ZO-1, thereby
suggesting that it is the ZO-1 disassembly that
allows H. influenzae superinfection.”> This phe-
nomenon was not observed in either RSV or influ-
enza A.

In addition to repairing the tight junction barrier
to prevent further viral or bacterial infection, the
immune system must fight against the virus at
hand. Tight junction disassembly helps trigger the
immune system response. A limited number of
studies have investigated this, and further research
is essential to help understand the role of tight
junctions in immune responses. In 16HBE cells,
downregulation of E-cadherin leads to epidermal
growth factor receptor-dependent increases in the
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thymus - and activation-regulated chemokine
(TARC), a chemokine that plays an important
role in activating Th2 immune responses.'*
Multiple viruses, like RSV, SARS-CoV, COVID-
19, Enterovirus, and Coxsackievirus, decrease
E-cadherin expression, thereby potentiating a Th2
immune response.

Conclusion

Airway epithelial barrier integrity is crucial for
internal homeostasis and has been recognized to
play an essential role in health and disease. In
addition to homeostasis maintenance, epithelial
cells constitute the first line of defense from the
environment. Epithelial cells possess AJCs com-
prised of multiple T] and A]J proteins that regulate
the passage of allergens, pollutants, viruses, and
other pathogens into and out of the airways. TJ
proteins are involved in key regulatory cell func-
tions such as differentiation, proliferation, and
migration by recruiting signaling proteins in
response to extracellular stimuli, while A] proteins
are necessary for regulating the actin cytoskeleton
and stabilizing cell-cell connections.

Extensive research has shown that many
respiratory viruses enter the body through the
airway epithelia and disrupt this barrier through
dysregulation of the AJC. Recent studies high-
lighted in this review discuss the disruption
mechanisms in which viruses enter these cells,
causing infection and initiation of their cyto-
pathic actions. ZO-1 is the most highly impli-
cated protein in respiratory viral targeting. Some
viruses lead to decreased levels of ZO-1, while
others caused ZO-1 disassembly and internaliza-
tion without reducing levels of ZO-1. Other TJ
proteins involved in viral entry into the epithelia
include occludin, E-cadherin, [-catenin, and
numerous proteins in the claudin family.
Understanding the interaction between the air-
way epithelial barrier and viral pathogens is of
great significance. Identifying mechanisms of
viral-induced epithelial pathology will help in
understanding the role of the airway epithelial
barrier in diseases such as ARDS, asthma,
COPD, and cystic fibrosis, as well as in the
design of anti-viral strategies.
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