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Abstract

Background—Altered epithelial physical and functional barrier properties along with Ty1/Ty2
immune dysregulation are features of allergic asthma. Regulation of junction proteins to improve
barrier function of airway epithelial cells has the potential for alleviation of allergic airway
inflammation. Objective: We sought to determine the immunomodulatory effect of knob protein of
the adenoviral capsid on allergic asthma and to investigate its mechanism of action on airway
epithelial junction proteins and barrier function.

Methods—Airway inflammation, including junction protein expression, was evaluated in
allergen-challenged mice with and without treatment with knob. Human bronchial epithelial cells
were exposed to knob, and its effects on expression of junction proteins and barrier integrity were
determined.

Results—Administration of knob to allergen-challenged mice suppressed airway inflammation
(eosinophilia, airway hyperresponsiveness, and IL-5 levels) and prevented allergen-induced loss of
airway epithelial occludin and E-cadherin expression. Additionally, knob decreased expression of
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Tw2-promoting inflammatory mediators, specifically I1L-33, by murine lung epithelial cells. At a
cellular level, treatment of human bronchial epithelial cells with knob activated c-Jun N-terminal
kinase, increased expression of occludin and E-cadherin, and enhanced epithelial barrier integrity.

Conclusion—Increased expression of junction proteins mediated by knob leading to enhanced
epithelial barrier function might mitigate the allergen-induced airway inflammatory response,
including asthma.

Knob protein; adenoviral capsid; allergic airway inflammation; asthma; E-cadherin; occludin;
airway epithelium; barrier integrity

Epithelial cells lining the airways serve as the first line of defense against allergens. The
pivotal involvement and contribution of the airway epithelium during the development of
allergic inflammation, remodeling, and bronchial hyperreactivity has received much
attention in the recent past.1=4 This has led to a paradigm shift suggesting that asthma is an
epithelial disorder caused by altered epithelial physical and functional barrier properties that
are associated with a Ty2-type inflammatory response.1:>6 Increasingly, studies with biopsy
specimens, epithelial cells, or both from asthmatic patients (reviewed by Georas and
Rezaee3), as well as patients with allergic rhinitis,” cultured Jn vitro have indicated that
epithelial junction protein expression and barrier function are defective in these subjects,
which could lead to entry of allergens into the airway tissue, thus activating the immune
system. These studies have shown that biopsy specimens and epithelial cells from patients
display disrupted or reduced junction protein expression and decreased transepithelial
electrical resistance (TER) correlating inversely with permeability (number of eosinophils
within the epithelium or paracellular flux) relative to healthy subjects.”-® Studies with human
bronchial epithelial cells (Hu-BECs; cell lines and cells isolated from asthmatic patients)
have demonstrated that downregulation of E-cadherin, an epithelial junction protein, by
means of RNA silencing or exposure to aeroallergens, such as house dust mite, results in
loss of cell-cell contact and is associated with increased production of proinflammatory
cytokines, promoting T2-driven responses. Studies in rats® and mouse models of allergic
airway inflammation911 have further supported these observations of decreased/altered
epithelial junction protein expression in response to allergen exposure.

Considering that airway epithelial cells form a barrier to the outside world through junction
proteins (eg, tight junctions [TJs], adherens junctions, and desmosomes) that promote cell-
cell adhesion and maintain barrier integrity,12 these molecules could serve as important
targets to enhance the barrier function of epithelial cells and minimize the burden of allergic
asthma in patients. Along these lines, recent studies have shown that CpG-DNA can enhance
barrier integrity of Hu-BECs by inducing expression of TJ molecules.13

Although respiratory viruses, especially rhinoviruses, are known to promote asthma
development and contribute to asthma exacerbations in human subjects* and mouse models,
1516 studies indicate that adenoviruses (eg, replication-deficient human type 5 adenovirus
[RD-Ad5]) have an opposite effect and inhibit the development of allergic airway
inflammation in mice.1”:18 Despite this observed positive outcome on airway inflammation,
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it is not feasible to use adenoviral vectors as a therapeutic tool because of innate and
adaptive responses to the virus/vectors, as observed in gene therapy studies.1920 In the
current study we have investigated this observation and demonstrate that the knob protein of
the adenoviral capsid attenuates allergic airway inflammation by inducing expression of
airway epithelial junction proteins in mice, as well as in Hu-BECs, and enhancing epithelial
barrier integrity.

METHODS

Preparation of adenoviral capsid and knob protein

E1/E3-deleted replication-deficient Ad5 vector containing the cytomegalovirus promoter and
green fluorescent protein reporter gene (RD-Ad5) was propagated in HEK293 cells and
isolated by using cesium chloride equilibrium-density gradient centrifugation.2! Capsid was
obtained as a byproduct (top band) during isolation of RD-Ad5. Recombinant soluble knob
protein was produced in Escherichia coli as an N-terminal histidine (His)-tagged fusion
protein and purified by using metal chelate affinity chromatography, as described previously.
22 Details are provided in the Methods section in this article’s Online Repository at
www.jacionline.org. The amino acid sequence encoding this protein encompasses 15
residues of the last repeat of the fiber shaft, followed by the globular C-terminal domain,
which comprises the receptor-binding region of the Ad5 fiber. The capsid and knob
preparations were assessed by using 10% SDS-PAGE under denaturing conditions, followed
by Coomassie Blue staining. The absence of viral nucleic acid in the capsid preparations was
ascertained by using agarose gel electrophoresis (0.7%), followed by ethidium bromide
staining.

Murine model of acute allergic airway inflammation

BALB/c mice (8-10 weeks) maintained under standard pathogen-free conditions were used.
All studies involving mice were performed according to standards and procedures approved
by the Institutional Animal Care and Use Committee at the University of Minnesota. Mice
were sensitized and challenged with ovalbumin (OVA; Grade V; Sigma-Aldrich, St Louis,
Mo), as previously described.2> Some OVA-exposed mice received RD-Ad5 (1e10 virus
particles per dose), capsid (100 pg per dose), or knob protein (1 ug per dose) at the same
time as sensitization, as outlined in Fig 1, A. Mice administered aluminum hydroxide alone
for sensitization followed by saline instead of OVA for challenge with or without RD-Ad5,
capsid, or knob served as control groups.

Sample collection and analysis

Mice were killed 24 hours after the last allergen challenge. Lungs were lavaged with 1 mL
of saline. Total cell numbers in the bronchoalveolar lavage fluid (BALF) were counted in a
hemocytometer, and differential cell counts were determined from cytocentrifuged samples
based on morphologic criteria after staining with the Hema 3 System (Fisher Diagnostics,
Middletown, Va). BALF was centrifuged at 10009 to remove cellular debris and stored at
—70°C for further evaluation. Lungs were perfused with 4% paraformaldehyde to preserve
pulmonary structure, fixed in 4% paraformaldehyde for 48 hours at 4°C, and then paraffin
embedded.
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Measurement of airway hyperresponsiveness

Methacholine (MCh)-induced airway hyperresponsiveness (AHR) was assessed by using an
invasive technique in control and allergen-challenged mice with or without knob treatment
by using the FinePointe RC System (Buxco, Wilmington, NC), as previously described.23
Changes in pulmonary resistance in response to saline followed by increasing concentrations
of inhaled MCh (3-25 mg/mL) were monitored continuously. Pulmonary resistance values
after each dose of MCh are shown.

Measurement of BALF cytokines

Tyl (IL-2 and IFN-y)/Tw2 (IL-4, IL-5, and 1L-13) cytokine and TNF-a levels in BALF
were determined by using Flex Set kits (BD Biosciences, San Jose, Calif), according to the
manufacturer’s methods, with a FACScan flow cytometer equipped with CellQuest Pro
Software (BD Biosciences) for data acquisition and FlowJo Software (Tree Star, Ashland,
Ore) for analysis. For IL-13, a FACSCanto Il flow cytometer was used with FACSDiva
software (BD Biosciences) for data acquisition and analysis. Levels of each cytokine were
expressed as picograms of cytokine per milliliter of BALF. Levels of TGF-B1 in BALF, as
well as IL-33 and eotaxin-2 in lung tissue and cell lysates prepared as described previously,
24,25 were measured with ELISA kits (R&D Systems, Minneapolis, Minn).

Immunohistology

Cell culture

Hematoxylin and eosin staining (Thermo Fisher Scientific, Waltham, Mass) of paraffin-
embedded lung tissue sections (4-um thick) was performed to determine cellular infiltration.
Detection and quantitation of lung tissue eosinophils was performed with rat mAb against
murine eosinophil-specific major basic protein (MBP), with rat IgG as a control, as
described previously.26 Occludin and E-cadherin expression in the airway epithelium were
detected by using rabbit polyclonal antibodies against occludin (2.5 pg/mL; Abcam,
Cambridge, United Kingdom) and E-cadherin (2 pg/mL; Santa Cruz Biotechnology, Dallas,
Tex), respectively. Rabbit 1gG was used as a control. Stained slides were examined with a
Nikon Microphot EPI-FL microscope (Nikon, Melville, NY), and images were captured
with an Olympus DP71 camera (Olympus, Center Valley, Pa). For quantitation of
eosinophils, MBP™*cells in randomly selected nonoverlapping microscopic fields were
counted at x400 magnification (12 + 2 fields per slide for OVA groups and 5 fields per slide
for control groups). Positively stained areas in the epithelium were quantitated with ImageJ
image analysis software (National Institutes of Health, Bethesda, Md)27 and expressed as
occludin- or E-cadherin—positive area (per square micrometer) per 100 um of basement
membrane length. Additional details are provided in the Methods section in this article’s
Online Repository.

The BEAS-2B line (ATCC, Manassas, Va), a Hu-BEC cell line, was cultured in RPMI
1640-GlutaMax Medium containing 10% heat-inactivated FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin (all from Life Technologies, Grand Island, NY). 16HBE140- cells
(obtained by MTA from Dr Dieter Gruenert, Department of Otolaryngology, UCSF School
of Medicine) were cultured in Corning Cellgro MEM Eagle/EBSS (Thermo Fisher
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Scientific, Pittsburgh, Pa) supplemented with FBS, penicillin, and streptomycin. MLE-12, a
transformed murine lung epithelial cell line (ATCC), was cultured, as previously described.
28 primary Hu-BECs were isolated from bronchial tissue obtained from deidentified
discarded lung specimens incidental to thoracic surgery at the Mayo Clinic (Rochester,
Minn) for focal noninfectious causes (ie, lobectomies for cancer). Patients were
nonasthmatic (male or female) and between 55 and 70 years of age.

Hu-BECs were isolated from sections of airways from normal-appearing lung areas
identified by a pathologist (approved by the Mayo Clinic Institutional Review Board) and
cultured in BEGM BulletKit Medium (Lonza, Walkersville, Md), as described previously.2®
In all cases, cells were maintained in a 5% CO, atmosphere at 37°C.

Treatment of cells with knob protein

Cells were seeded directly into 24-well plates (for gene and protein expression) or cultured
on sterile poly-L-lysine—coated (10 pg/mL in PBS; Sigma-Aldrich) glass coverslips placed
in 24-well plates (for immunofluorescence [IF] studies) at 2 x 10° per well and cultured
overnight in medium containing low serum (2% FBS). Cells were then treated overnight
with knob protein at a final concentration of 0.25 pg/mL in the same medium. For gene
expression studies, TRIzol (Life Technologies) was added to cells seeded directly in the 24-
well plates after removal of culture medium for extraction of total RNA and quantitative RT-
PCR (gPCR). For Western blot analysis, cells in wells were washed with PBS (2 times),
detached with 0.05% Trypsin-EDTA, and solubilized either in RIPA buffer (for p44/42
mitogen-activated protein kinase [MAPK], E-cadherin, and occludin) or 1x SDS gel-loading
buffer (for c-Jun N-terminal kinase [JNK]) by means of sonication and then electrophoresed.
For IF studies, coverslips were taken out of the 24-well plates and further processed, as
described in detail later in this section.

RNA isolation and gPCR analysis

Total RNA was extracted from cells with TRIzol and reverse transcribed into cDNA by
using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, Calif), according to
the manufacturer’s protocol. Gene expression was examined by using qPCR with primers
specific for various human or mouse genes synthesized by Integrated DNATechnologies
(Coralville, lowa). A list of the primer pairs used and conditions of amplification are
detailed in the Methods section and Table E1 in this article’s Online Repository at
www.jacionline.org. Results were expressed as fold change in expression relative to
expression in untreated controls cells by using the AACT method (2724CT),

Western blots

Cell lysates were electrophoresed (8% [E-cadherin] or 10% [occludin, extracellular signal-
regulated kinase [ERK] 1/2, and stress-activated protein kinase [SAPK]/JNK] SDS-PAGE),
transferred to polyvinylidene difluoride membranes, blocked, and incubated overnight at
4°C with the primary antibody. The antibodies used were phospho-SAPK/INK (Thr183/
Tyrl85) (81E11) rabbit mAb (0.3 pg/mL), SAPK/INK rabbit polyclonal antibodies (0.32 ug/
mL), phopho-p44/42 MAPK (phospho-ERK1/2, T202/Y204) rabbit polyclonal antibodies
(0.048 pg/mL), and p44/42 MAPK rabbit mAb (ERK1/2, 0.027 pg/mL) from Cell Signaling
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Technology (Danvers, Mass), as well as rabbit polyclonal antibodies against E-cadherin and
occludin (0.2 pg/mL; both from Santa Cruz Biotechnology). Bound antibodies were detected
by using peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG (H+L) or goat anti-rabbit
IgG (H+L; 0.26 ug/mL; Jackson ImmunoResearch Laboratories, West Grove, Pa).
Expression levels of p-actin were monitored by using peroxidase-conjugated mAb against
actin (0.06 pg/mL; Santa Cruz Biotechnology). Protein bands were detected with Western
Bright ECL (Advansta, Menlo Park, Calif) and visualized on x-ray films. The intensity of
the detected bands was quantified by using ImageJ image analysis software. Expression
levels of phospho-p44/42 MAPK and phospho-SAPK/INK were normalized against total
p44/42 MAPK and SAPK/INK, respectively. Expression levels of E-cadherin and occludin
were normalized against those of B-actin.

Cells on poly-L-lysine—coated coverslips were fixed with chilled 100% methanol at —20°C
for 10 minutes. After blocking (5% goat serum, 1% BSA, and 0.1% Tween-20 in PBS) for 1
hour at room temperature, cells were washed 2 times with PBS and incubated overnight with
rabbit polyclonal antibodies against occludin (2 pg/mL; Abcam) or E-cadherin (0.8 pg/mL;
Santa Cruz Biotechnology) of human origin at 4°C. Normal rabbit 19G was used as the
isotype control (Thermo Fisher Scientific). Rhodamine Red-X affinity-purified goat anti-
rabbit 1gG (3 pg/mL for 1 hour at room temperature; Jackson ImmunoResearch
Laboratories) was used for detection of bound antibodies, and cells were evaluated by using
confocal microscopy.

Assessment of epithelial barrier integrity

16HBE140- cells were seeded in noncoated Snapwell Inserts (0.4 um; Corning Life
Sciences, Tewksbury, Mass) at 1 x 10° cell/well. Knob protein was added to some wells at a
final concentration of 0.25 pg/mL, and TER was monitored every other day until day 9 by
using an epithelial voltohmmeter (EVOM; World Precision Instruments, Sarasota, Fla). Cells
were replenished with fresh medium with or without knob protein on days 2, 4, 6, and 8.
Inserts without cells were used to monitor background TER.

In some experiments knob-treated and control cells were exposed to a protein extract of
Alternaria alternata (Greer Laboratories, Lenoir, NC) on day 5 after plating when cells were
confluent. The extract was added apically in regular medium (ie, without knob protein) at
100 pg/well (40 pg/mL), as described previously,3° and TER was monitored up to 12 hours.
To measure paracellular permeability, fluorescein isothiocyanate (FITC)-Dextran (4 kDa)
was added to the apical medium (3 mg/mL) of knob-treated and control cells on day 5 after
cells were replenished with fresh medium (without knob protein). Passage of FITC-Dextran
was monitored by measuring fluorescence (FLUOstar OPTIMA; BMG Labtech, Cary, NC)
in basal medium every 3 hours.

In some experiments 16HBE140- cells grown under submerged conditions with or without
knob treatment until confluence (days 5-6) were transferred to conditions of air-liquid
interface (ALI). After measuring TER, apical medium was removed, and basal medium was
replaced with 2.5 mL of cell culture medium with or without knob protein. Medium was
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changed every other day, and TER was measured up to day 22 after ALI. Subsequently,
inserts were processed for IF staining for E-cadherin and occludin, as described earlier.

Statistical analysis

Combined data (means £ SEMs) of experiments performed at least 3 times in duplicate or
triplicate are shown for /n vitro studies. Statistical significance between 2 groups was
determined by using a 2-tailed unpaired Student #test. Comparisons between control and
multiple treatment conditions were carried out by means of ANOVA, followed by the
Dunnett posttest. For animal studies, combined data of 2 to 3 experiments (n = 9-12 mice
for saline and OVA groups [with and without treatment] and 67 mice for saline plus
treatment group, unless otherwise indicated) are shown. A 2-tailed test was used to first
establish statistical significance between OVA and OVA plus RD-Ad5/OVA plus capsid/OVA
plus knob groups in airway cellular recruitment (Fig 1, Cand £, and Fig 2, Band D), and a
1-tailed test was used for analyses of all other studies (Fig 2, F, Fig 3, Aand B; and Fig 4, B
and D). A Pvalue of less than .05 was considered significant.

RESULTS

Inhibition of allergen-induced eosinophilia by RD-Ad5 and the adenoviral capsid

Earlier studies have demonstrated that RD-Ad5 has an anti-inflammatory effect on airway
immune responses in the context of allergic inflammation.17-18 Given the innate
inflammatory responses and toxicity associated with the use of adenoviral vectors,1® we first
examined whether intact/whole RD-Ad5 (capsid and viral nucleic acid) was required for the
inhibitory effect on allergen-induced airway inflammation. Consistent with previous
findings, administration of RD-Ad5 to mice during the sensitization phase of allergen (OVA)
exposure, as outlined in Fig 1, A, resulted in substantially inhibiting cellular inflammation in
the lung tissue and airway eosinophilia (Fig 1, Band C). Next, the capsid was isolated from
RD-Ad5 and first assessed for the presence of the major Ad5 capsid proteins and absence of
viral nucleic acid. SDS-PAGE of the capsid indicated the presence of the major Ad5 capsid
proteins (ie, hexon [approximately 108 kDa], penton base [approximately 68 kDa], and fiber
with knob [approximately 61 kDa]), with no detectable viral nucleic acid based on ethidium
bromide staining after agarose gel electrophoresis (Fig 1, Dand E). Treatment of OVA-
challenged mice with the adenoviral capsid instead of intact RD-Ad5 demonstrated a similar
reduction in numbers of total cells, as well as eosinophils, in the BALF relative to OVA-
challenged mice that did not receive capsid (Fig 1, F). In addition, a significant reduction in
macrophage and lymphocyte numbers was also noted. Administration of capsid alone
(control) induced minimal cellular recruitment (mostly macrophages) to the airways. These
findings suggest that the capsid alone (devoid of viral nucleic acid) is sufficient to induce a
suppressive effect on allergen-induced airway eosinophilia.

Knob domain of the fiber protein of capsid suppresses allergic airway inflammation

Because of the innate and adaptive responses associated with the use of adenoviral vectors/
capsid as therapeutic options, 1920 we investigated whether a protein component of capsid

rather than the intact capsid can suppress allergen-induced airway inflammation. The knob
domain of the fiber protein of RD-Ad5 interacts with host cells through Coxsackie B virus
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and adenovirus receptor during virus attachment.3! Additionally, studies have shown that the
fiber knob of another adenovirus (Ad serotype 35) can function as a potent regulator
(downmodulation) of human T-cell activation.32:33

We examined the effect of RD-Ad5 knob in our model of allergic airway inflammation.
Recombinant soluble knob protein was produced as described in the Methods section and
formed a monomer of approximately 21 kDa on PAGE under denaturing conditions (Fig 2,
A). Administration of knob during the sensitization phase to OVA-challenged mice resulted
in a marked reduction in the number of inflammatory cells recruited in the BALF, as well as
lung tissue, relative to that in OVA-challenged mice that did not receive knob (Fig 2, Band
C). In addition, knob-treated OVA-challenged mice had significantly reduced eosinophilia
based on differential cell counts in the BALF (Fig 2, D) and immunohistochemistry for MBP
* cells in the lung tissue (Fig 2, £and F). Administration of knob alone resulted in minimal
cellular recruitment similar to that observed in saline-exposed control mice. These findings
with knob parallel the suppressive effect of RD-Ad5 (Fig 1, C) and capsid (Fig 1, ) on
allergen-induced airway eosinophilia.

Administration of knob to OVA-challenged mice also resulted in a significant reduction in
AHR to inhaled MCh compared with OVA-challenged mice that did not receive knob,
although levels remained higher than in control mice (Fig 3, A). Along with reduced cellular
inflammation, OVA-challenged mice administered knob demonstrated significantly lower
IL-5 and IFN-vy levels in the BALF relative to OVA-challenged mice that did not receive
knob, whereas levels of IL-4, IL-13, TNF-a, and TGF-B1 were not statistically different
relative to those in untreated mice (Fig 3, B). Additionally, the effect of knob on expression
of select epithelially derived T2-promoting cytokines (thymic stromal lymphopoietin
[TSLP], IL-33, and IL-25), chemokines (thymus and activation-regulated chemokine
[TARC], eotaxin-1, and eotaxin-2) and caveolin-1 was examined in MLE-12 murine lung
epithelial cells by using qPCR. Knob-treated cells exhibited significantly lower expression
of eotaxin-2, IL-33, TARC, and TSLP (Fig 3, C), whereas no effect was noted on expression
of eotaxin-1, IL-25, and caveolin-1. Based on this, we examined expression of a select Ty2-
promoting cytokine (1L-33) and chemokine (eotaxin-2) at the protein level in these cells.
IL-33 levels were significantly lower after treatment with knob, whereas the level of
eotaxin-2 was not significantly different (Fig 3, D). However, levels of these 2 mediators in
the lungs of knob-treated OVA-challenged mice remained unaltered relative to those of
untreated mice (Fig 3, £and F).

Administration of knob reverses allergen-induced loss of airway epithelial junction

proteins

Given the dysfunction of airway epithelial barrier properties in asthmatic patients?3-34 and
the anti-inflammatory effect of knob noted in the airways of mice, we examined whether
knob treatment affects expression of epithelial junction proteins that maintain barrier
integrity. Consistent with previously published findings in allergen-exposed mice,3®> OVA-
challenged mice exhibited loss of airway epithelial E-cadherin (Fig 4, A and B) and occludin
(Fig 4, Cand D) compared with saline-exposed control mice when examined by
immunohistochemistry. In OVA-challenged mice that received knaob, this effect was
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reversed. Expression of E-cadherin and occludin was significantly greater in these mice than
in OVA-challenged mice that did not receive knob, restoring levels to those observed in
saline-exposed mice.

Knob induces expression of occludin and E-cadherin in Hu-BECs

Hu-BEC:s (cell lines and primary cells) were treated with knob /n vitro to further examine
the effect of knob on junction protein expression at a cellular level. Treatment of BEAS-2B
Hu-BECs with knob significantly induced expression of occludin and E-cadherin by means
of gPCR (Fig 5, A) without affecting cell viability (see Table E2 in this article’s Online
Repository at www.jacionline.org), whereas only a marginal increase in expression of zonula
occludens 1 and intercellular adhesion molecule 1 was noted. Along with induction of
occludin and E-cadherin expression, knob treatment of BEAS-2B cells resulted in activation
of INK with significantly increased levels of phosphorylated JNK but had no effect on
ERKZ1/2 at this time point (Fig 5, Band C). Because BEAS-2B cells have been shown to
have a limited capacity to differentiate and develop TJs, even under ALI conditions,3¢ we
confirmed the ability of knob to induce expression of occludin and E-cadherin in 16HBE140
- cells, another extensively used Hu-BEC. A similar induction of occludin and E-cadherin
was noted in knob-treated 16HBE140- cells (Fig 5, D). Consistent with the increased
expression at the mRNA level, IF staining with specific antibodies revealed increased
expression of occludin and E-cadherin in confluent cultures of 16HBE140- cells under
regular and ALI culture (Fig 5, £and F, respectively) after treatment with knob. This is
further supported by the increased protein expression of occludin and E-cadherin observed
in Western blots of knob-treated 16HBE140- cells (Fig 5, G and H). Finally, cultures
(regular) of primary Hu-BECs also exhibited increased expression of occludin and E-
cadherin after treatment with knob (Fig 5, /), although the level of basal and knob-induced
expression of these molecules varied between the cell types.

Knob enhances epithelial barrier integrity

Next, we examined the effect of knob on TER, an indicator of barrier integrity, in
monolayers of 16HBE140- cells. Cultures under regular conditions containing knob on the
apical and basal side or ALI cultures with knob on the basal side had higher TER than
cultures in medium alone (Fig 6, Aand B).

We examined whether knob can protect epithelial barrier integrity. In these studies the effect
of Alternaria alternata extract, which is known to disrupt epithelial barrier integrity,3° was
examined in knob-treated versus untreated 16HBE140- cells cultured under regular
conditions. Although barrier integrity of knob-treated and untreated 16HBE140- cell
cultures was affected by exposure to Alternaria alternata extract, the change in TER of knob-
treated 16HBE140— monolayers was significantly less than that observed in untreated
monolayers after 9 hours (Fig 6, O).

Finally, paracellular permeability of FITC-Dextran was significantly lower across
monolayers of 16HBE140- cells treated with knob (Fig 6, D). Taken together, these findings
suggest that knob can enhance barrier integrity and exert a protective effect on the epithelial
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barrier by inducing expression of TJ and adherens junction proteins, such as occludin and E-
cadherin.

DISCUSSION

Studies in human subjects (reviewed by Georas and Rezaee3) and animal models10-11
provide evidence that there is a dysfunction of barrier properties of the airway epithelium in
asthmatic patients that leads to orchestration of a Ty2-type inflammatory response.
Therefore strategies to resist/prevent breakdown of epithelial barrier function can serve as
therapeutic options for mitigating the allergen-induced inflammatory response and reducing
asthma symptoms. Unlike other respiratory tract viruses, such as respiratory syncytial virus
and rhinovirus, which augment airway eosinophilia in allergen-exposed mice,12:16:37 our
studies, along with previous investigations,1718 indicate that RD-Ad5 inhibits airway
eosinophilia in OVA-exposed mice. Importantly, we found that reduced eosinophilia is
evident even when the adenoviral capsid protein is administered by itself (ie, without viral
nucleic acid), thus establishing that the anti-inflammatory effect of RD-Ad5 is mediated by
the protein coat of RD-Ad5.

Despite the observed positive outcome of RD-Ad5 or its capsid on allergic airway
inflammation, adenoviral vectors/capsids are associated with innate and adaptive immune
responsest®20 and therefore are not viable therapeutic options. To circumvent this, we
examined whether the knob domain of the fiber protein of the RD-Ad5 capsid, which
interacts with host cells during viral attachment,3! could attenuate allergen-induced cellular
inflammation, as noted with the intact capsid. Previous studies with knob from another
adenovirus (Ad serotype 35) have shown that this protein can function as a regulator
(downmodulation) of human T-cell activation.32:33 OVA-challenged mice treated with knob
in our study not only exhibited marked attenuation of airway eosinophilia but also
significantly lower allergen-induced AHR, as well as IL-5 and IFN-y levels, in the BALF
relative to untreated OVA-challenged mice. We examined whether knob alters expression
specifically of epithelial-derived inflammatory mediators that can contribute to the
development of a T2 phenotype (ie, IL-25, TSLP, IL-33, TARC, eotaxin-1, and eotaxin-2).
Studies in MLE-12 mouse lung epithelial cells demonstrated that expression of TSLP, IL-33,
TARC, and eotaxin-2 was lower at the mRNA level in knob-treated cells. Expression of
epithelial-derived 1L-33 known to be released during epithelial barrier dysfunction/activation
caused by allergen exposure23:34 was significantly lower at the protein level in knob-treated
cells. However, no difference in IL-33 expression was noted in total lung tissue lysates of
OVA-challenged mice after knob treatment. This could be due to the fact that, in addition to
epithelial cells, other cells in the lungs (ie, dendritic cells, fibroblasts, mast cells, and
macrophages) are known to release IL-33, and the effect of knob on these cells is not known.
Nonetheless, decreased expression of IL-33 by airway epithelial cells in response to knob, as
observed /n vitro, could in part contribute to amelioration of inflammation /7 vivo through
suppression of autocrine effects (eg, IL-33-induced secretion of IL-8 by airway epithelial
cells),38 as well as paracrine effects on type 2 innate lymphoid cells,3° to reduce type 2
inflammation.
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Recent studies have shown that type 2 innate lymphoid cells disrupt bronchial epithelial
barrier integrity by targeting TJs through IL-13 in an IL-33-induced model of airway
inflammation.#% Most notably, our studies demonstrate that in addition to suppressing a
Tn2-type immune response, treatment with knob results in prevention of allergen-induced
decrease of epithelial occludin and E-cadherin, with expression levels of both junction
proteins being restored to those observed in control mice.

This novel observation was examined further at a cellular level. Knob induced expression of
occludin and E-cadherin in Hu-BECs (cell lines and primary cells) at the mRNA and protein
levels. Induction of these junction proteins was associated with increased levels of
phosphorylated JNK, suggesting increased JNK1 kinase activity. In previous studies with
Ab549 alveolar type Il-derived epithelial cells, the knob domain of RD-Ad5 has been shown
to rapidly (within 20 minutes) induce ERK1/2 and JNK1 kinase activity in a Coxsackie B
virus and adenovirus receptor—-dependent manner.*1 However, it is important to note that the
2 studies differ not only in the cells used but also the concentration of knob (10-fold lower in
the current study) and duration of treatment.

At a functional level, knob treatment enhanced barrier integrity of 16HBE140- cultures, as
indicated by the increased TER (under regular and ALI conditions), reduced paracellular
permeability, and resistance to barrier disruption when exposed to Alternaria alternata
extract. Alternatively, knob could be exerting a protective effect by inhibiting protease
activity of Alternaria alternata®° or suppressing Alternaria alternata-induced matrix
metalloprotease secretion,*2 both of which act on epithelial monolayers to decrease TER.
30.43 |n contrast to our observations with knob treatment, infection with rhinovirus has been
shown to decrease expression of E-cadherin, occludin, and zonula occludens 1 along with a
reduction in TER in nasal epithelial cells,*4 as well as in biopsy specimens (transtissue
resistance) from patients with chronic rhinosinusitis.*> Along these lines, infection of
16HBE140- cells with rhinovirus was shown to result in damage to the respiratory epithelial
barrier and facilitate allergen penetration, thus contributing to increased allergic
inflammation.46

In summary, our studies have led to the novel finding that knob protein can induce
expression of E-cadherin and occludin and enhance epithelial barrier integrity. /n7 vivo
administration of knob to allergen-challenged mice suppresses Tw2-type immune responses
(eosinophilia, AHR, and IL-5 levels) and prevents the allergen-induced decrease in epithelial
E-cadherin and occludin expression. These findings together indicate a novel role for knob
in protecting epithelial barrier integrity and suggest that knob can serve as a potential
therapeutic agent for allergic asthma by enhancing airway barrier function.

METHODS

Preparation of knob protein

Plasmid constructs (pRSET A, Life Technologies) that produce knob protein were
transformed into BL21(DE3)pLysS competent bacteria (Life Technologies) and grown in LB
supplemented with 100 ug of ampicillin (Sigma-Aldrich) and 25 ug/mL chloramphenicol
(Sigma-Aldrich). Transformants were induced with 0.4 mmol/L isopropyl-p-d-
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thiogalactopyranoside (Promega, Madison, Wis) for 12 hours at 37°C to induce recombinant
knob protein. Recombinant knob protein was purified from cell lysates by using cOmplete
His-Tag Purification Resin (Roche Life Sciences, Indianapolis, Ind) and passed through
Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Residual endotoxin content was determined by using Limulus
Amebocyte Lysate PYROGENT Plus (sensitivity = 0.06 EU/mL; Lonza, Walkersville, Md)
and found to be less than detectable levels.

Conditions for gPCR

gPCR was performed with iTag Universal SYBR Green Supermix 200 (Bio-Rad
Laboratories). The reaction was carried out in an iQ 5 Multicolor Real-Time PCR Detection
System (Bio-Rad Laboratories). The relative amount of target MRNA was calculated based
on its threshold cycle, as suggested by the software (iQ 5 Optical System software), in
comparison with the threshold cycle of the housekeeping gene B-actin. After denaturation,
conditions for gene expression were as follows: 50 cycles of 30 seconds at 95°C followed by
30 seconds at 60°C each cycle for most genes. For murine 75/p, 60 cycles of amplification
with 30 seconds at 95°C followed by 30 seconds at 54°C each cycle were performed; for
murine //25, 60 cycles with 30 seconds at 92°C followed by 30 seconds at 52°C each cycle
were performed; and for murine //33, 55 cycles with 30 seconds at 92°C followed by 30
seconds at 56°C each cycle were performed.

Immunohistology

For all immunohistologic analysis, tissue sections were subjected to antigen retrieval,
followed by quenching of endogenous peroxidase activity before staining with specific
antibodies. Sections were briefly counterstained (for 5 seconds) with hematoxylin.
Appropriate VECTASTAIN ABC Kits using biotinylated secondary antibodies (Vector
Laboratories, Burlingame, Calif) and the Peroxidase AEC (3-amino-9-ethylcarbazole)
substrate kit (\ector Laboratories) were used for detection. Stained slides were examined
with a Nikon Microphot EPI-FL microscope (Nikon, Tokyo, Japan), and images were
captured with an Olympus DP71 camera (Olympus, Center Valley, Pa). For quantitation of
eosinophils, MBP™ cells in randomly selected nonoverlapping microscopic fields were
counted at x400 magnification (12 + 2 fields per slide for OVA groups and 5 fields per slide
for control groups). For quantitation of E-cadherin and occludin, positively stained areas in
the epithelium of all similarly sized airways with total basement membrane length in the
range of 550 to 650 um were quantitated for each mouse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages
. Airway epithelial barrier function is defective in asthmatic patients.

. Knob protein of the adenoviral capsid induces expression of E-cadherin and
occludin, improves airway epithelial barrier integrity /7 vitro, and attenuates
airway inflammation in allergen-challenged mice.

. Knob can potentially mitigate allergic airway inflammation, including
asthma, by protecting epithelial barrier function.
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Inhibition of allergen-induced eosinophilia by RD-Ad5 and adenoviral capsid. A, Outline of
mouse allergen (OVA) challenge model with details of RD-Ad5, capsid, and knob
administration. s.c., Subcutaneous; 7.n., intranasal; 7p., intraperitoneal. B, Representative
data of cellular infiltration of lung tissue from saline- and OVA-challenged mice with and
without RD-Ad5. Scale bar= 50 um. C, Eosinophils in BALF of mice described in Fig 1, B.
D, Representative Coomassie-stained SDS-PAGE of capsid. E, Representative ethidium
bromide—stained agarose gel of the capsid. F, BALF cell counts in saline- and OVA-
challenged mice with and without capsid protein (n = 4 mice per group). Sa/, Saline. *P<.
001inFig1l, C and P<.05in Fig 1, /, compared with the OVA group.
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FIG. 2.
Knob domain of the fiber protein of capsid suppresses allergen-induced airway cellular

inflammation. A, Representative SDS-PAGE of recombinant knob (2 pg per lane). B and C,
Total numbers of inflammatory cells in BALF and lung tissue of saline- and OVA-
challenged mice with and without knob. D—F, BALF differential cell (Fig 2, D) and lung
tissue eosinophil (Fig 2, £and F) counts in mice described in Fig 2, B. Scale bar= 50 pum.
Sal, Saline. *P < .05 compared with the OVA group.
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Knob reduces allergen-induced airway reactivity and IL-5 levels. A, Pulmonary resistance in
saline-and OVA-challenged mice with and without knob treatment. B, Levels of indicated
cytokines in BALF of mice identified in Fig 3, A. C, Gene expression of the indicated
epithelially derived inflammatory mediators in knob-treated MLE-12 cells. D, 1L-33 and
eotaxin-2 protein expression in knob-treated MLE-12 cells. E and F, IL-33 and eotaxin-2
levels in lung tissue of mice identified in Fig 3, A. *P < .05 compared with the OVA group
in Fig 3, Aand B, and with untreated cells in Fig 3, Cand D.

J Allergy Clin Immunol. Author manuscript; available in PMC 2018 December 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ha et al.

(]

Occludin

FIG. 4.

E-cadherin

Occludin

-positive area
/100 pm BML
©
8

-positive area

o
8

'S
8

2
pm
o

pn/100 pm BML
- w w -
o 8 8 8 8

Page 21

Y 9 2
& sg,@
o\
5& 0< > °
o

Induction of E-cadherin and occludin in the airway epithelium of knob-treated allergen-

challenged mice. E-cadherin (A and B) and occludin (C and D) expression and quantitation,
respectively, are shown in saline- and OVA-challenged mice with and without knob
treatment (n = 5 to 6 mice per group). Scale bar= 50 pm. *P < .001 compared with the OVA

group in Fig 4, Band D.
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Knob induces expression of occludin and E-cadherin in Hu-BECs. A, Occludin and E-
cadherin gene expression in knob-treated BEAS-2B cells. B and C, JNK and ERK1/2
expression in knob-treated BEAS-2B cells. D, Occludin and E-cadherin gene expression in
knob-treated 16HBE140- cells. E and F, Knob-induced occludin and E-cadherin protein
expression in 16HBE140- cells under regular and ALI conditions, respectively. G and H,
Induction of occludin and E-cadherin in 16HBE140- cells by knob by using Western
blotting. 1, Knob-induced expression of occludin and E-cadherin in primary Hu-BECs. *P
< .05 compared with untreated cells.
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FIG. 6.

Knob enhances barrier integrity. A and B, Effect of knob on TER under regular and ALI
culture conditions, respectively. Representative data (mean + STD) of 3 independent
experiments are shown in Fig 6, B. C, TER in knob-treated cultures exposed to Alternaria
alternata extract. D, Paracellular permeability across knob-treated cultures. *P< .05
compared with untreated cells.
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