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Abstract

Acute respiratory virus infections, such as influenza and RSV, are predominant
causes of asthma exacerbations. Eosinophils act as a double-edged sword in exacer-
bations in that they are activated by viral infections but also can capture and inacti-
vate respiratory viruses. Phosphodiesterase type 4 (PDE4) is abundantly expressed
by eosinophils and has been implicated in their activation. This exploratory study
aims to determine whether these opposing roles of eosinophils activation of eosino-
phils upon interaction with virus can be modulated by selective PDE4 inhibitors and
whether eosinophils from healthy, moderate and severe asthmatic subjects respond
differently. Eosinophils were purified by negative selection from blood and subse-
qguently exposed to RSV or influenza. Prior to exposure to virus, eosinophils were
treated with vehicle or selective PDE4 inhibitors CHF6001 and GSK256066. After
18 hours of exposure, influenza, but not RSV, increased CD69 and CD63 expres-
sion by eosinophils from each group, which were inhibited by PDE4 inhibitors. ECP
release, although not stimulated by virus, was also attenuated by PDE4 inhibitors.
Eosinophils showed an increased Nox2 activity upon virus exposure, which was less
pronounced in eosinophils derived from mild and severe asthmatics and was coun-
teracted by PDE4 inhibitors. PDE4 inhibitors had no effect on binding of virus by
eosinophils from each group. Our data indicate that PDE4 inhibitors can attenuate
eosinophil activation, without affecting virus binding. By attenuating virus-induced

responses, PDE4 inhibitors may mitigate virus-induced asthma exacerbations.
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1 | INTRODUCTION

Asthma is a chronic inflammatory disease characterized by airway
hyperresponsiveness and periodic reversible airway obstruction.**
In asthma, eosinophils are considered predominantly damaging by
the release of cytotoxic granular proteins like eosinophil-derived
neurotoxin (EDN), eosinophil cationic protein (ECP) and major basic
protein (MBP).>” In addition, activated eosinophils can generate
large amounts of cytotoxic reactive oxygen species (ROS). Its key
role in asthma pathophysiology?® is illustrated by the fact that
therapy tailored to sputum eosinophil counts is superior over those
based upon clinical criteria.”

Acute worsening of asthma symptoms, referred to as an exacerba-
tion, is often triggered by respiratory virus infections, such as respira-
tory syncytial virus (RSV), influenza'® and rhinoviruses.***? Although
eosinophils are considered damaging during exacerbations, there are
several indications that they also display protective properties such
as antiviral activities. It is known that eosinophils are activated by
RSV to release mediators that promote viral clearance in a TLR7-
dependent pathway®® and that EPO and EDN with antiviral activities
are released by BAL eosinophils in response to a viral infection.** In a
parallel study, we recently showed that eosinophils display intracel-
lular antiviral activities.'® Eosinophils rapidly capture, internalize and
inactivate 95% of respiratory viruses within 2 hours. This antiviral ac-
tivity was paralleled by a mild activation of eosinophils, 2 hours after
exposure to virus.*® Respiratory viruses induced a marked increase in
CD69 cell surface expression, smaller increase in CD11b expression
and reduced CD62L expression.'” There was no enhanced CDé63 ex-
pression, a tetraspanin and marker of degranulation, which is in line
with no ECP release, one of the granular constituents.

From a therapeutic perspective, it is of interest to control the activa-
tion status of eosinophils and differentially manipulate protective and
damaging properties of eosinophils. The majority of current therapies
are focused on the reduction in eosinophil numbers, since especially
high sputum eosinophil counts correlate with the severity of asthma
symptoms.18 Corticosteroids play an important role in the maintenance
therapy of asthma, particularly by attenuating eosinophil numbers. It
is widely recognized, however, that long-term use of corticosteroids
causes major side effects and not all aspects of asthma are respon-
sive to corticosteroids.>?° Recent alternative approaches involve an-
tibodies that target the IL-5/IL-5 receptor axis such as Mepolizumab,
Benralizumab, and Reslizumab, potentially affecting eosinophil recruit-
ment, survival, and activation.?! Various studies with these antibodies
have shown a reduction in peripheral and airway eosinophils and blood
ECP levels,?? a reduction in asthma exacerbations,?® but also contradic-
tory outcomes like improvement or no effect on FEV1.2

A potential alternative approach that may differentially modu-
late protective and damaging properties of eosinophils is the use of
pharmacological inhibitors of phosphodiesterase-4 (PDE4), which is
prominently expressed in eosinophils.?* PDE4 belongs to a family of
11 iso-enzymes (PDE1-11), which differ in substrate specificity, cellu-
lar distribution, and regulatory function. PDE4 control cellular cAMP

levels by hydrolysis to 5’AMP and thereby attenuate the availability

of cAMP, thus amplifying immune and inflammatory responses.?>%’

Selective inhibitors specifically designed for inhaled treatment, such
as CHF6001%* and GSK2560662% may combine potent anti-inflam-
matory activity with limited systemic exposure and, consequently,
improved tolerability. CHF6001, in particular, was shown to be more
potent than Roflumilast in eliciting anti-inflammatory effects on
virus-inducible cytokines in human bronchial epithelial cell lines.?’
Both CHF6001 and GSK256066 are effective in reducing allergen
challenge responses in asthma patients.?”3° While GSK256066 clin-
ical development appears discontinued (ClinicalTrials.gov identifier:
NCT00549679), CHF6001 is currently undergoing phase 2 clinical
trials (ClinicalTrials.gov identifier: NCT02986321) in COPD patients
as inhaled agent. For the two PDE4 inhibitors, a different tolerabil-
ity profile has been reported, with GSK256066 showing nausea-like
behaviors and emesis in ferrets at much lower doses (~10-fold) than
CHF6001.%! Indeed, while CHF6001 showed an excellent safety
profile,%? dose-limiting side effects of GSK256066 could have de-
termined its discontinuation. Nevertheless, GSK256066 remains
a highly potent and selective PDE4 inhibitor useful as a tool com-
pound. Given the potential therapeutic role of PDE4 inhibitors in
viral-induced asthma exacerbations, we explored the differential
modulation of protective and damaging properties of eosinophils
upon exposure to virus by these two nearly equipotent and highly
selective PDE4 inhibitors, CHF6001 and GSK256066.% In addition,
we assessed whether eosinophils from asthma patients behaved
differently from those from healthy individuals. We assessed their
effects on phenotypic activity markers (CD69, CD63, and ECP) and
NADPH oxidase (Nox2) activity by eosinophils and, in comparison,

by neutrophils from both healthy controls and asthma patients.

2 | MATERIALS AND METHODS

2.1 | Drugs

CHF6001 and GSK256066 were synthesized at Chiesi Farmaceutici

S.p.A., Parma, Italy.?4%3

2.2 | Patients and healthy individuals

Eosinophils and neutrophils were obtained from peripheral blood
of healthy volunteers, mild to moderate (<500 mg fluticasone) and
severe asthmatics (21000 mg fluticasone). Ethical approval was ob-
tained from the local Medical Ethics committee and informed con-

sent from participants.

2.3 | Human eosinophil and neutrophil purification

HBSS (Lonza, Basel, Switzerland) was added to the collected periph-
eral blood and subsequently placed onto a Ficoll gradient (1.077 g/
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mL) and centrifuged for 25 minutes at 1350 g at RT. The granulocyte
pellet was lysed twice in erythrocyte lysis buffer on ice to get rid
of erythrocytes. Eosinophils were obtained by negative selection
(CD16) using MACS cell separation (Miltenyi). Neutrophils were
obtained from the CD16-positive fraction. Purity was checked by
Diff-Quick staining and flow cytometry and was >90 and >98% for
eosinophils and neutrophils, respectively.

2.4 | Virus

Influenza, strain A PR/8/34, and respiratory syncytial virus (RSV)-A2
were used. RSV was propagated in HEp-2 cells in IMDM (Lonza) cul-
ture medium supplemented with 1% FCS and influenza on NCI-H292
cells (ATCC CRL 1848) in RPMI-1640 with 1% FCS. At day 3 postin-
fection, when cytopathic effects were observed, the supernatant was
harvested. Cell debris was removed by centrifugation at 3000 g for

10 minutes and the supernatant was snap frozen and stored at -80°C.

2.5 | Viral exposure

Eosinophils and neutrophils were maintained in RPMI-1640 sup-
plemented with 10% FCS. All cells were incubated at 37°C, 95% hu-
midity and 5% CO,. Eosinophils and neutrophils were incubated with
either influenza A PR/8/34 or RSV-A2 at a MOI: 2 and 5, respectively.
Different conditions were used depending on the analyses; the eosino-
phils were incubated 18 hours for flow cytometry and the release of
ECP. Prior to analysis by FACS, cells were re-suspended and washed
with cold PBS containing 0.5% BSA with 2 mmol/L EDTA. For Nox2
activity, eosinophils and neutrophils were measured during 30 minutes
after adding virus or fMLP. To determine binding of DiD-labeled RSV,
eosinophils were maintained 18 hours with DiD-labeled RSV at MOI: 5.

2.6 | Compounds

All PDE4 inhibitors were dissolved in DMSO at a concentration of
10 mmol/L and final dilutions were made in the assay buffer (0.1%
final DMSO concentration in the assays). In exploratory studies we uti-
lized a range of concentrations (0.01-10 nmol/L) of GSK256066 and
CHF6001 and selected as fixed test concentrations 0.1 nmol/L in eo-
sinophils and 1.0 nmol/L in neutrophils in line with their subnanomolar
inhibitory potency against PDE4 isoforms 28 Cells were preincubated

with PDE4 inhibitors 30 minutes before exposure to virus or stimulus.

2.7 | Assays
2.71 | Amplex Red hydrogen peroxide assay

Hydrogen peroxide release from cells was measured using Amplex

Red (Invitrogen) following manufacturer's instructions. Eosinophils
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and neutrophils were pretreated with PDE4 inhibitors for 30 min-
utes in Krebs-Ringer phosphate buffer. Subsequently, cells were
treated with 1 pumol/L fMLP (Bio-connect), RSV-A2 or influenza A
P/R/8 and directly measured for 30 minutes at 30s intervals at 37°C.
The production of resorufin (fluorescence) was measured using a
BIOTEK plate reader (synergy HT), with excitation at 530nm and
emission at 590nm.

2.7.2 | Flow cytometry

To analyze the activation of human granulocytes, eosinophils were
identified as Siglec8-positive (7C9; Bio Legend) and CD16-negative
(3G8; Bio Legend) and Annexin V-negative (120F; IQP). Neutrophils
were identified as CD16-positive (3G8; Bio Legend) and Annexin
V-negative. A total of 50 000 granulocytes were incubated with mAbs
for 30 minutes at 4°C, and 10 minutes with Annexin V at 4°C. An assess-
ment of the activation of cell-surface markers was made by the use of
mADbs against the following molecules: CD63 (H5C6; Bio Legend), CD69
(FN50; BD Pharmingen). Cells were washed in PBS containing 0.5%
BSA. Data acquisition was done using FACSCanto Il (BD Biosciences).

2.7.3 | Human ECP ELISA

ECP was measured using ECP monoclonal capture antibody (clone
ECP standard (ImmunoCAP

ECP Calibrator) and biotinylated polyclonal detection antibody
4

614, Diagnostics Development),

(Diagnostics Development) as described elsewhere.®

2.7.4 | DiD labeling of virus

1,19-dioctadecyl-3,3,39,39-tetramethylindodicarbocyanine  (DiD)
(Molecular Probes, Invitrogen, Carlsbad, CA) was dissolved in
DMSO at a concentration of 20 mg/mL and used to label RSV-A2.
RSV was incubated at room temperature for 30 minutes with 2 pL
DiD solution, followed by density gradient centrifugation to obtain
purified labeled virus, essentially as described elsewhere.®> All the
comparative experiments were performed with the same batch of
DiD-labeled virus.

2.8 | Statistics

Flow cytometry data were expressed as mean + SEM and ana-
lyzed using FlowJo (Treestar), whereas that for quantification with
GraphPad Prism 5.0 software and that for ELISA's using GEN5 data
analysis software (BioTek); paired and unpaired t-tests were used, as
indicated in the legends to the figures, and P < .05 was considered
significant. The number of analyses is provided in the legends to the
figures. To correct for multiple testing, FDR (Benjamini-Hochberg)

corrected P-values (Q = 5%) were used.
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2.9 | Ethics approval and consent

Medisch Ethische Toetsingscommissie—AMC; the ethics approval
number: NL48912.018.14; All participants provided written in-

formed consent.

3 | RESULTS

3.1 | Activation and degranulation in eosinophils,
before and after exposure to virus, and the effect of
PDE4 inhibitors

It is known that eosinophils exposed to virus for 2 hours can be
mildly activated as reflected by an enhanced CD69 expression,
whereas CD63 expression and ECP release are unaffected.’® Here
we addressed whether these markers were affected 18 hours after
exposure to virus. Baseline parameters for eosinophils from controls
and patients are provided in Figure 1. Notably, baseline values show
small, though significant changes for CD63 and CD69 expression
between eosinophils from healthy controls and asthma patients,
whereas baseline ECP release by eosinophils from healthy donors
was strikingly enhanced compared to those from asthma patients
(Figure 1A). Interestingly, baseline differences were found for eosin-
ophils from controls and patients, but not for neutrophils (Figure 1B).
Differences cannot be explained by differences in apoptosis (AnnV).
To compare the effect of PDE4 inhibitors, data were normalized
to baseline values. CD69 expression (Figure2A) and release of ECP
(Figure 2C) by eosinophils from healthy subjects (white), but not that
of CD63 (Figure 2B), were reduced by PDE4 inhibitors CHF6001 and
GSK256066. In contrast, eosinophils from mild to moderate asthma
patients (gray) and severe asthma patients (black) were less responsive
to PDE4 inhibition, apart from inhibition of ECP release by eosinophils
from mild to moderate asthma patients (Figure 2C). Exposure to influ-
enza enhanced CD69 and CDé63 expression, but not ECP release, by
eosinophils from healthy subjects and patients. The PDE4 inhibitors
apparently prevented the influenza-induced expression of CD69 and
CDé63, and reduced ECP release, although for the latter CHF6001 was
only effective in eosinophils form severe asthma patients (Figure 2C).
Exposure to RSV did not enhance CD69 and CD63 expression and
ECP release, but exposure to RSV potentiated the inhibitory effect
of PDE4 inhibitors, but not of GSK256066 on patient's eosinophils.
PDE4 inhibitors also attenuated CD69 and CD63 expression and
MPO release by neutrophils (Figure S1) although the effects were
less outspoken than that for eosinophils, particularly when the cells

were exposed to virus.
3.2 | Effect of PDE4 inhibitors on Nox2 activity in
virus-exposed eosinophils and neutrophils

Nox2 activity is comparable at baseline for eosinophils from

healthy controls and patients (Figure 1A). Overall, eosinophils from
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FIGURE 1 Activation and degranulation of eosinophils and
neutrophils at baseline. Baseline parameters for eosinophils (A) and
neutrophils (B) from healthy subjects (white bars), mild to moderate
asthmatics (gray bars) and severe asthmatics (black bars). CD63, CD69
and Annexin V-negative cells (-AnnV) are presented as percentage of
total cells (scale 0-100), ECP and MPO as ng/ml (scale 250-750) and
NADPH oxidase (Nox2) as Vmax [530/25;590/35] (scale 25000-
75000). *P < .05; ***P < .001, by unpaired t-test, n = 8 per group and
included an FDR (Benjamini-Hochberg) corrected p-values (Q = 5%)

healthy individuals responded upon exposure to virus with an in-
creased Nox2 activity, although this did not reach statistical signif-
icance, whereas eosinophils from patients responded less to virus
(Figure 3A). Eosinophils from severe asthma patients displayed a
significantly lower Nox2 activity to influenza compared to those
from healthy individuals (P = .044). As fMLP induced Nox2 activity
in eosinophils from asthma patients similar to that by eosinophils
from healthy subjects, this indicates that eosinophils from severe
asthma patients respond aberrantly to influenza (Figure 3A) and
possibly also to RSV. In contrast to eosinophils, baseline Nox2 ac-
tivity is higher for neutrophils from healthy controls as opposed
to those from patients, but virus did not induce neutrophil Nox2
activity, whereas exposure to fMLP did (Figure 3B).

GSK 256066 inhibited Nox2 activity in eosinophils and also upon
exposure to virus, but for the latter not for eosinophils from healthy
controls (Figure 3A). CHF6001 significantly inhibited baseline and

RSV-induced Nox2 activity by eosinophils from severe asthma
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FIGURE 2 Activation and degranulation of eosinophils at baseline, after exposure to virus with/without pretreatment with PDE4
inhibitors. A, CD69 expression in eosinophils from healthy subjects (white; n = 7), from mild to moderate asthmatics (gray; n = 7) and
from severe asthmatics (black; n = 9). B, As (A) but for CD63 expression. C, as (A) but for ECP release. #Significant vs baseline: P < .05;
###p < 001. *Significant vs virus only: *P < .05; ***P < .001 by paired t test and included FDR (Benjamini-Hochberg) corrected P-values

(Q = 5%)

patients only. The Nox2 activity by eosinophils from mild to mod-
erate asthma patients was not different between those using corti-
costeroids or not (data not shown). Both GSK256066 and CHF6001
profoundly reduced Nox2 activity in neutrophils, in the absence or
presence of influenza (P < .001) or fMLP, but RSV exposure made
neutrophils unresponsive to both PDE4 inhibitors (Figure 3B).

3.3 | Binding and inactivation of RSV by eosinophils

We investigated whether eosinophils incubated for 18 hours with
RSV were able to directly bind RSV. We showed that PDE4 inhibitors

had no effect on binding of virus by eosinophils from healthy con-
trols or from asthma patients (Figure 4). There was a tendency for
eosinophils from patients to bind less RSV than that by eosinophils

form healthy controls as reported recently.®

4 | DISCUSSION

In this study we report that PDE4 inhibitors attenuate baseline ECP
release, Nox2 activity and CDé9 expression, although the extent of
the effects differed between eosinophils derived from healthy sub-

jects or patients. In line with our previous study®® we found that
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eosinophils were activated up to 18 hours after exposure to virus,
where influenza was more potent than RSV. We showed that eo-
sinophils, but not neutrophils, display an enhanced Nox2 activity in
response to influenza. In line with the defective binding of virus by
eosinophils from asthma patients, virus-induced Nox2 activity was
also reduced particularly in eosinophils from severe asthma patients.
PDE4 inhibited virus-induced activation of eosinophils, particularly
ECP release and Nox2 activity, the latter more prominent in eosino-
phils from asthma patients.

In our previous study,ls we assessed the activation of eosino-
phils by virus over a 2 hours period. In this study we extended the
investigation for the activation markers to 18 hours of incubation
with viruses, showing that eosinophils maintain their activated state
(CD69) and even may be slightly more activated as CD63 expres-

sion and apparently also ECP release increased. Secretory granules

membranes are highly enriched in CD63,%® while ECP is within the
granules.” Besides secretory granules, CD63 is also present in lyso-
some-related organelles, although its origin is still uncertain.®® This
different intracellular compartmentalization may explain why both
PDE4 inhibitors can suppress ECP release without substantially af-
fecting CD63 cell surface expression.

The limited Nox2 response to viral exposure by eosinophils from
patients is unlikely to be due to a defective Nox2, as the fMLP-in-
duced Nox2 activity seems robust and not different from those from
healthy individuals. The generation of ROS by Nox2 is important in
the microbial defense,®® but it remains to be determined whether
ROS generated by virus-exposed eosinophils contribute to the
reduced infectivity of virus. If so, the reduced activation of Nox2
by patient's eosinophils to virus limits their antiviral response. On
the other hand, the generation of ROS by Nox2 is important in the
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FIGURE 4 PDE4 inhibitors GSK256066 and CHF6001 do not
modulate binding of RSV to eosinophils. Eosinophils from healthy
donors (white; n = 4), mild to moderate (gray; n = 8) and severe
asthmatics (black; n = 9) were exposed to DiD-labeled RSV for
18h. Eosinophils from severe asthmatics (black) showed trendwise
reduction in RSV binding compared to eosinophils from healthy
subjects (white), which was not affected by PDE4 inhibitors.

***P < .001 by paired t test; and included FDR (Benjamini-
Hochberg) corrected P-values (Q = 5%)

microbial defense® but also causes tissue damage, including acute
lung injury during influenza infection, and drives resistance against

39-41 which

antibiotics of Staphylococcus aureus induced-pneumonia,
may be limited by PDE4 inhibitors.

The attenuated virus-induced Nox2 activity by eosinophils from
patients apparently correlated with the attenuated binding of virus
by their eosinophils suggesting that this binding triggers Nox2 activa-
tion. A similar correlation, however, was not found for other markers
of activation/degranulation. Interestingly, virus-induced Nox2 activ-
ity seems a specific response of eosinophils, since neutrophils did
not upregulate Nox2 activity in response to either RSV or influenza.
Neutrophils, which also express PDE4*? and are relevant in severe

1843-45 \vere also examined. Interestingly, virus exposure did

asthma,
not significantly affect phenotypic activation markers or Nox2 in neu-
trophils, whereas PDE4 inhibition profoundly reduced neutrophilic
Nox2 activity in the presence or absence of influenza, but not upon
RSV infection. This suggests that neutrophils do become activated by
influenza, even though this did not lead to an enhanced Nox2 activity.
The current findings were obtained in vitro after a relatively short
incubation with PDE4 inhibitors and therefore it would be of interest
in future to study longer treatment periods and in an in vivo setting.
This was an exploratory study and therefore additional experiments
are necessary to gain further insights in the effects of PDE4 inhibitors
on the activation and degranulation of these granulocytes.
CHF6001 failed to inhibit Nox2 activity in eosinophils from

healthy controls and from mild to moderate asthma patients, but did

profoundly inhibit Nox2 activity in eosinophils from severe asthma
patients. This could indicate that eosinophils from severe asthma
patients are more sensitive to inhibition of this specific pathway.
Overall, the PDE4 inhibitors GSK256066 and CHF6001 showed
very similar effects, with GSK256066 being apparently slightly
more potent in accordance with potency differences between the
two compounds against PDE4.%

In summary, this exploratory study indicates that eosinophils
respond specifically to virus and that capacity is partially reduced
in eosinophils from asthma patients. By demonstrating that PDE4
inhibitors modulate virus-induced eosinophil activation, and par-
ticularly Nox2 activity in eosinophils from asthmatics, we revealed
a potential role for PDE4 inhibitors in controlling virus-induced re-
sponses that may be relevant in asthma exacerbations.
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