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Rhinovirus (RV), the causative agent of the commmon cold, causes only mild upper
respiratory tract infections in healthy individuals, but can cause longer lasting and more
severe pulmonary infections in people with chronic lung diseases and in the setting of
immune suppression or immune deficiency. RV-infected lung structural cells release type |
interferon (IFN-I), initiating the immune response, leading to protection against viruses in
conjunction with migratory immune cells. However, IFN-I release is deficient in some
people with asthma. Innate immune cells, such as natural killer (NK) cells, are proposed to
play major roles in the control of viral infections, and may contribute to exacerbations of
chronic lung diseases, such as asthma. In this study, we characterized the NK cell
response to RV infection using an in vitro model of infection in healthy individuals, and
determined the extent to which IFN-I signaling mediates this response. The results
indicate that RV stimulation in vitro induces NK cell activation in healthy donors, leading
to degranulation and the release of cytotoxic mediators and cytokines. IFN-I signaling was
partly responsible for NK cell activation and functional responses to RV. Overall, our
findings suggest the involvement of NK cells in the control of RV infection in healthy
individuals. Further understanding of NK cell regulation may deepen our understanding of
the mechanisms that contribute to susceptibility to RV infections in asthma and other
chronic lung diseases.

Keywords: natural killer cell, rhinovirus, type | interferon, antiviral immunity, cytokine production, degranulation

INTRODUCTION

Respiratory viruses, particularly rhinoviruses (RV), typically cause only mild, self-limited infections
in healthy individuals, but the consequences of infection can be much more serious in people with
chronic lung diseases and in the setting of immune suppression or immune deficiency (Glezen et al.,
2000; Versluys et al., 2010; Costa et al., 2011; Jacobs et al., 2013). For example, RV are implicated in
both the induction of asthma and exacerbations of established asthma, representing the most
common cause of asthma-related death (Longini et al., 1984; Beasley et al., 1988; Gern et al., 1996;
Papadopoulos et al., 2002a; Papadopoulos et al., 2002b; Hansbro et al., 2008). Asthmatics are no
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more likely than healthy individuals to develop a cold, but are
substantially more likely for the infection to spread to the lower
respiratory tract, causing more severe symptoms (Corne et al.,
2002). This raises important questions regarding the
mechanisms by which healthy people are able to mount an
effective host response to RV. Understanding these processes
that occur in healthy individuals might help to explain why RV
infections can have such severe outcomes in people with asthma.

Bronchial epithelial cells (BECs) are the primary point of
contact between infecting respiratory viruses and the host (Bals
and Hiemstra, 2004). During infections, BECs release type I
(IEN-I) and III IENs, which are integral for the induction of
innate immune response, conferring protection against viruses in
conjunction with migratory immune cells (Hansbro et al., 2008;
Message et al., 2008). Some investigators report that RV-induced
IFN-I release is deficient in asthma (Gern et al., 2000; Corne
etal., 2002; Wark et al., 2005; Hansbro et al., 2008), though other
reports have been unable to confirm these findings (Sykes et al.,
2014; Xi et al.,, 2015). Cell-mediated immunity to RV is also
important in the control and clearance of infection and may be
abnormal in asthmatics (Message and Johnston, 2001). Innate
immune cells, such as natural killer (NK) cells have been
proposed to play a major role in both asthma (Message et al.,
2008; Culley, 2009), and the control of viral infections in general
(Biron et al., 1999; Biron and Brossay, 2001; Barnig et al., 2013;
Lam and Lanier, 2017); however, little is known about the role
NK cells play in RV infections.

NK cells are large, granular lymphocytes involved in the innate
immune response to infected or malignant cells (Trinchieri, 1989;
Alter et al., 2004; Vivier et al., 2008; Bryceson et al., 2010; Montaldo
et al., 2013). Without prior exposure or antigen sensitisation, NK
cellsare able to detect and kill infected or aberrant cells, and produce
chemokines and cytokines that prime and shape adaptive immunity
(Kay, 1985; Colucci et al., 2003; French and Yokoyama, 2003;
Bryceson et al., 2010). Interestingly, circulating NK cells appear to
reflect the maturation status of lung-resident NK cells, with a
phenotype capable of both cytokine production and cytotoxicity
(Ivanova et al., 2014).

Human NK cells are identified as CD56" lymphocytes that
lack markers specific to other lymphocytes, such as CD3 on T
cells, CD14 on monocytes, and CD19 on B cells (Herberman and
Ortaldo, 1981; Robertson and Ritz, 1990; Bancroft, 1993;
D’Arena et al., 1998; Papamichail et al., 2004). Two distinct
subsets of human NK cells have been identified and classified
based on the cell-surface density of CD56; these subsets appear to
have distinct phenotypic and functional properties (Lanier et al.,
1986; Cooper et al., 2001a; Sedlmayr et al., 2004; Moretta, 2010).
The CD56%™ subset of NK cells appear more naturally cytotoxic,
but have a reduced ability to produce cytokines upon stimulation
(Cooper et al., 2001a; Di Santo, 2008); while the CD56Pright
subset of NK cells are distinguished by potent production of both
Thl and Th2 cytokines in response to stimulation, but have
reduced cytotoxic capacity (Lanier et al., 1986; Cooper
et al., 2001b).

NK cell recognition of target cells relies on an assortment of
both activating and inhibiting receptors that detect microbial

products, cytokines, stress signals, and MHC class I molecules
(Lanier, 2000; Smyth et al., 2000; Moretta et al., 2001; Radaev and
Sun, 2003). NK cell activation does not rely on an individual
receptor, but on a combination of activating and inhibiting
signals, with activation occurring when different combinations
of receptors are ligated to overcome a threshold of activation
(Bryceson et al., 2005; Lanier, 2008). NK cell surface receptor
repertoire has been reported to vary between subsets, and thus
subset activation may vary based on the stimulus (Cooper et al.,
2001a; Sedlmayr et al., 2004).

NK cell activation can also be induced by interactions with
antigen-presenting cells (APCs), such as DCs and macrophages,
and by cytokines, including IFN-I (Gern et al., 1996; Biron et al.,
1999; Biron and Brossay, 2001; Moretta, 2002; Vivier et al., 2008).
Increased cell-surface CD69 expression is widely used as a
marker of NK cell activation (Gern et al., 1996; Vering et al.,
2000; Draghi et al., 2007; Barnig et al., 2013).

NK cells can lyse target cells through the directed exocytosis of
cytolytic granules containing perforin and granzyme at the
immunological synapse between the NK cell and target cell
(Robertson and Ritz, 1990; Cooper et al., 2001a; Artis and Spits,
2015). In particular, granzyme B (GzymB) has been shown to be
required for the rapid induction of NK cell-mediated apoptosis of
target cells (Shresta et al, 1995). The release of these cytolytic
granules can be indicated through the presence of cell surface
CD107a (Alter et al., 2004; Bryceson et al., 2010).

In addition to cytolytic function, NK cells produce
chemokines and cytokines that can recruit other immune cells,
promote cellular resistance to infection, and influence the
formation of adaptive immunity (Robertson and Ritz, 1990;
Bancroft, 1993; Cooper et al., 2001a; Bryceson et al., 2010). An
important cytokine produced by NK cells is IFNY, with known
immunoregulatory effects (Gern et al., 1996; Cooper et al., 2001a;
Cooper et al., 2001b; Colucci et al., 2003; Maroof et al., 2008;
Strowig et al., 2008; Bi et al., 2017).

With the strong association between respiratory viral
infections and asthma exacerbations, it has been speculated
that inappropriate immune activation, possibly due to defective
IEN-I response, may be involved in the susceptibility of
asthmatics to more persistent and severe infections (Wark
et al., 2005; Message et al., 2008; Culley, 2009).

Therefore, this study aimed to determine whether RV can
activate NK cells, and the extent to which NK cell activation and
function in vitro are IFN-I dependent.

MATERIALS AND METHODS

Participants

All volunteers completed a detailed questionnaire regarding
respiratory symptoms, prior medical diagnoses, and
medication use. Healthy participants had no symptoms or
prior self-reported physician diagnoses of respiratory disease
(including asthma) and had not experienced respiratory
infection symptoms within the preceding month. All
participants underwent skin prick testing (SPT) against a panel
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of common allergens (Aspergillus fumigatus, Alternaria, grass
pollen, house dust mite, and dog and cat dander) to determine
allergic status. Prior to sample collection, volunteers were asked
to abstain from antihistamine use for 72 h. The study was
approved by the Human Ethics Committees at The University
of Queensland and the Princess Alexandra Hospital, and all
participants provided written consent.

Rhinovirus Generation and Titration

RV16 stocks were generated by passage in Ohio HeLa cells, as
previously described (Sanders et al., 1998). RV16 was purified
over Optiprep gradient (Sigma-Aldrich) as described by Xi et al.
(2015). Viral titer was determined using TCID50, and RV16 at
an MOI of 1 was used in culture (Pritchard et al., 2012).

PBMC lIsolation and Culture

Human peripheral blood was collected into heparinized tubes
(BD Vacutainer) from 12 healthy volunteers (mean age 21.6 + 2.8
years, 67% female, 25% atopic). Peripheral blood mononuclear
cells (PBMCs) and plasma were isolated by density gradient
centrifugation with Lymphoprep (Stemcell Technologies).
PBMC suspensions (4x10° cells/ml) were prepared in media
(RPMI 1640 (Gibco) supplemented with 5% autologous plasma,
2-ME, penicillin, streptomycin, and glutamine). 500 pL of the
PBMC suspensions (2x10° cells) were seeded on a 24-well flat
bottom plate. IFN-I signaling was blocked in PBMC cultures
using recombinant BI18R protein (100 ng/ml, eBioscience),
alongside a media-only control, for 1 h at 37°C with 5% CO,.
B18R acts as a decoy receptor for IFN-I with high specificity and
affinity for all known subtypes of the IFN-I family, blocking IFN-
I signaling into target cells (Colamonici et al., 1995; Symons et al.,
1995; Alcami et al., 2000; Pritchard et al., 2012; Pritchard et al.,
2014). PBMC cultures were then stimulated with RV16
(MOI=1), or media alone, for 24 h at 37°C with 5% CO,. To
assess NK cell degranulation, CD107a-BV786 Ab (Table S1) was
added for the last 6 h of culture. Brefeldin A (BFA, BioLegend)
and monensin (GolgiStopTM, BD Biosciences) were added for the
last 5 h of cultures to allow for the detection of intracellular
cytokine production and the detection of reinternalized CD107a,
respectively, as previously described (Alter et al., 2004).

Flow Cytometry

Flow cytometry was used to identify immune cell populations and
their expression of activation and function markers. Cell cultures
were centrifuged, cell pellets were washed with PBS and labeled with
live/dead (L/D) aqua viability dye (1:500 in PBS, Thermo Fisher
Scientific) for 30 min on ice, protected from light, to allow for the
exclusion of dead cells. Cells were surface stained with the following
Abs: CD3-FITC, CD14-PerCp-Cy5.5, CD19-APC, CD56-PE-Cy7,
and CD69-APC-Cy7 (Table S1); for 30 min on ice, protected from
light. Cell were then fixed and permeabilised using the Cytofix/
Cytoperm'" Fixation/Permeabilisation kit (BD Biosciences) and
stained intracellularly with IFNY-PE and GzymB-BV421 Abs
(Table S1) for 30 min at room temperature, protected from light.
Stained cells were then fixed in 2% paraformaldehyde. A total of
~200,000 events per sample were collected using LSRFortessa X-20
(BD Biosciences) and the results were analyzed using Flow]Jo

software (v10.7, Tree Star, Inc.). NK cells were identified as CD3~
CD14CD19°CD56" lymphocytes, activated NK cells as CD3~
CD14°CD19°CD56'CD69", and degranulating NK cells as
CD3 CD14 CD19°CD56"CD107a* (Herberman and Ortaldo,
1981; Robertson and Ritz, 1990; Bancroft, 1993; D’Arena et al.,
1998; Vering et al., 2000; Alter et al., 2004; Papamichail et al., 2004;
Draghi et al., 2007; Bryceson et al., 2010; Wang et al., 2012; Barnig
etal, 2013).

ELISA

Cell-free culture supernatants were collected and stored in deep-well
plates at —30°C, until required. IFNy and GzymB concentrations in
culture supernatant were measured using ELISA. IFNy assays used
commercially available paired Abs and recombinant cytokines (BD
Pharmingen; limit of detection = 3.91 pg/ml). GzymB assays used a
commercially available ELISA kit (R&D Systems; limit of detection =
39.1 pg/ml), according to the manufacturer’s instructions.

Statistical Analysis

Data were analyzed using Graphpad Prism (version 8.1) using
Wilcoxon matched-pairs signed rank tests to compare
differences between paired samples. Data are represented as
median (interquartile range - IQR). A p value of <0.05 was
considered statistically significant.

RESULTS

RV16, But Not IFN-I Signaling, Causes
Minor Changes in NK Cell Populations

To determine whether RV could activate NK cells, and the extent
to which NK cell activation and functional changes are IFN-I
dependent, PBMCs from healthy volunteers were cultured for 1 h
in the presence or absence of B18R to block IFN-I signaling, prior
to culture for 24 h in the presence or absence of RV16
stimulation. Following this, flow cytometry was used to
identify and evaluate the frequency of CD56" NK cells, along
with CD56%™ and CD56%8" NK cell subsets (Figure S1).

Our results demonstrate that neither RV16 stimulation, nor
blocking of IFN-I signaling, altered the frequency of lymphocytes
(Figure 1A), though RV16 induced a small increase in CD56"
NK cell frequency that was less apparent when IFN-I signaling
was blocked (Figure 1B). Stimulation with RV16 induced minor
changes in the distribution of CD56™ and CD56""¢" NK cell
subsets, with a decrease in the frequency of CD56"™ NK cells
and a corresponding increase in the frequency of CD56""8" NK
cells (Figure 1C). These changes in the distribution of the
CD56%™ and CD56"8" NK cell subsets were not substantially
altered when IFN-I signaling was blocked.

RV16 Induces Intense NK Cell Activation,
Which Is Partly Dependent on IFN-I

Signaling

NK cell activation was assessed based on cell surface CD69
expression. Both an increase in the frequency of CD69" cells
and the expression intensity of CD69 can be used to assess NK
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FIGURE 1 | RV16 altered NK cell populations, in an IFN-I independent manner. PBMCs from healthy people (n=12) were cultured in vitro with B18R (100 ng/ml)
for 1 h to block IFN-I signaling, alongside a media-only control (UT), prior to stimulation with RV16 (MOI = 1), alongside an unstimulated control (US) for 24 h.
(A) Percentage of lymphocytes, (B) total CD56* NK cells, (C) and NK cell subsets (CD56%™ and CD56°"9™) were evaluated using flow cytometry. Raw dot plots are
representative of all 12 healthy donors. Each colored symbol represents data from one donor, lines represent medians. Data are representative of three experiments.
*p<0.05, **p<0.001 by Wilcoxon matched-pairs signed rank tests. RV16, rhinovirus 16; IFN-I, type | interferon; NK, natural killer; PBMC, peripheral blood
mononuclear cell; UT, untreated; MOI, multiplicity of infection; US, unstimulated; SSC-A, side scatter-area.

cell activation (Draghi et al., 2007; Du et al, 2010; Souza-
Fonseca-Guimaraes et al., 2012; Barnig et al., 2013). RV16
stimulation of PBMC for 24 h led to substantial and significant
increases in the proportion of NK cells expressing CD69, though
this occurred to a lesser extent in the absence of IFN-I signaling
(Figure 2A, left). Blocking IFN-I signaling had a larger impact on
the percentage of CD69" cells in the CD56""8" subset (Figure
2A, right) than in the CD56%™ subset (Figure 2A, middle). RV16
also increased the median fluorescent intensity (MFI) of CD69
surface expression on NK cells (Figure 2B), especially the
CD564™ subset (Figure 2B, middle).

RV16 Induces NK Cell Cytolytic Granule
Release Which Is Partly Dependent on
IFN-I Signaling

NK cell degranulation was assessed based on CD107a surface
expression. CD107a lines the cytolytic granules that are secreted
during cytolysis, and appearance at the cell surface is upregulated

following stimulation, correlating with target cell lysis (Alter et al.,
2004; Bryceson et al., 2005; Bryceson et al., 2010). The presence of
CD107a at the cell surface is an indicator of NK cell release of
cytotoxic granules (Haworth et al., 2011; Barnig et al., 2013). RV16
stimulation of PBMC cultures resulted in significant increases in the
proportion of CD56" NK cells expressing cell surface CD107a
(Figure 3A, left). Blocking of IFN-I signaling in vitro led to a lower
frequency of degranulating CD56" NK cells, both in the presence and
absence of RV16 stimulation. These trends were also observed in
both the CD56%™ (Figure 3A, middle) and CD56™8" NK cell
subsets (Figure 3A, right). Stimulation with RV16 had no
significant effect on the MFI of CD107a surface expression on
CD56" NK cells (Figure 3B, left). There were no significant
changes in the level of CD107a surface expression in the CD56"™
NK cell population (Figure 3B, middle). However, in the CD56"8"
NK cell population (Figure 3B, right), blocking of IFN-I signaling
resulted in a small increase in the MFI of CD107a surface expression,
in both the presence and absence of RV16 stimulation (Figure 3C).
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RV16 Induces Small Changes in Both the
Percentage of GzymB-Producing NK Cells
and Their Intracellular GzymB

The cytolytic granules released through directed exocytosis
contain proteins, such as GzymB, which is important in NK
cell-mediated apoptosis of target cells (Shresta et al., 1995). RV16
stimulation of PBMC cultures resulted in small, but statistically
significant, increases in the proportion of CD56" NK cells
producing GzymB (Figure 4A, left). This was most apparent in
the CD56""¢" NK cell population (Figure 4A, right). Blocking of
IEN-I signaling in vitro with B18R did not significantly alter the
frequency of GzymB-producing NK cells (Figure 4A). RV16
stimulation also increased the intracellular GzymB MFI of
CD56" NK cells (Figure 4B, left), with changes observed in
both the CD56%™ (Figure 4B, middle) and CD56""8" NK cell
subsets (Figure 4B, right). Blocking of IFN-I signaling caused
only minor changes in these responses.

RV16 Induces IFNy-Producing NK Cells in
an IFN-I Dependent Manner

NK cells are known to produce IFNYy in response to other viruses,
including influenza viruses (Du et al., 2010). IFNYy activates
multiple pathways associated with direct antiviral functions
and immunoregulation, and promotes downstream protective
immune responses (Biron and Brossay, 2001). Herein, we have
found that RV16 stimulation resulted in a significant increase in
the frequency of IFNy-producing CD56" NK cells (Figure 5A,
left), and in the intracellular IFNy MFI (Figure 5B, left). These
trends were observed in both CD56%™ (Figure 5A, middle; 5B,
middle) and CD56"8" NK cell subsets (Figure 5A, right; 5B,
right). The increase in frequency of IENY-producing cells due to

RV 16 stimulation was most prominent in the CD56""€" NK cell
subset (Figure 5A, right). When IFN-I was blocked, there was a
significant decrease in the frequency of RV16-stimulated IFNYy-
producing CD56" NK cells, which was reflected in both the
CD56%™ and CD56°¢" NK cell subsets (Figure 5A). This
indicated that the RV16-stimulated increase in the frequency
of IFNy-producing NK cells was only partially dependent on
IFN-I signaling.

IFN-I Signaling Is Involved in the RV16-
Stimulated Release of GzymB and IFNy
ELISA techniques were used to quantify RV16-stimulated
GzymB and IFNY release. Herein, we found that RV16
stimulation of PBMCs resulted in significant GzymB and IFNy
release into the culture supernatants (Figure 6). When IFN-I
signaling was blocked, there was a decrease in the concentration
of released GzymB, in both the presence and absence of RV16
stimulation (Figure 6A). In the presence of RV16 stimulation,
blocking of IFN-I signaling also decreased IFNY concentrations
in culture supernatant (Figure 6B).

NK Cells Make a Large Contribution to the
Production of GzymB and IFNy

As there are multiple cell types in PBMC (other than NK cells)
that can respond to viral stimuli, the amount of GzymB and IFNy
in culture supernatant cannot be wholly attributed to NK cells
(Hornung et al., 2002). Thus, we next determined the relative
levels of GzymB and IFNYy produced by other cells types (T and
NKT cells) versus NK cells. In order to do this, surface staining
was used to identify T cells and NKT cells (Figure S1), and the
iMFI was calculated for GzymB and IFNY production for each of
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these cell types, as described by Darrah et al. (Darrah et al., 2007).
We then scaled this relative to the size of each population by
multiplying the iMFI by the frequency of each cell type of the
total lymphocyte population.

We found that RV16 stimulation significantly upregulated the
relative iMFI of GzymB" cells in NK cells, T cells, and NKT cells,
both in the presence and absence of IFN-I signaling (Figure 7A).
In the NK cell and NKT cell populations, the relative iMFI of
GzymB" cells increased when IFN-I signaling was blocked in the
absence of RV16 stimulation (Figure 7A, left and right). In all
the conditions tested, the relative iMFI of GzymB™ cells was
highest in NK cells (Figure 7A, left). It is worth noting that,
unlike in the ELISA results, there was no significant decrease in
RV16-stimulated GzymB when IFN-I signaling was blocked.

RV16 stimulation significantly upregulated the relative iMFI
of IFNY" cells in all three of the populations tested, in both the
presence and absence of IFN-I signaling (Figure 7B). In RV16-
stimulated cultures, blocking of IFN-I signaling resulted in a
significant decrease in the relative iMFI of IFNy" NK cells and T
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cells, but not NKT cells (Figure 7B). The trends observed in NK
cells and T cells reflect the levels of IFNYy detected in the culture
supernatant (Figure 7B, left and middle). Stimulation with RV16
caused the largest change in the relative iMFI of IFNY" cells in the
NK cell population (Figure 7B, left).

DISCUSSION

This study aimed to investigate the possible role for NK cells in
the immune response to RV infection and determine the extent
to which RV16-induced activation and function of NK cells in
vitro is dependent on IFN-I signaling. The key findings to emerge
were that in cultured PBMCs from healthy people, RV16
stimulation affected NK cell activation and function, in a
manner that was partially regulated by IFN-I signaling. IFN-I
signaling partly contributed to RV-stimulated NK cell activation.
Blocking of IFN-I signaling in PBMC cultures prior to RV16
stimulation reduced, but did not eliminate, NK cell activation.
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The magnitude of the effect varied between donors, but was

generally modest.

IEN-I has previously been shown to play both a direct and

indirect role in the activation of NK cells (Biron et al., 1999;
Cooper et al,, 2001b; Hansbro et al., 2008). RV16 induces PBMCs
to release IFN-I into the supernatant within 24 h (Khaitov et al,,

2009). DC-mediated activation of NK cells involves both IFN-I
dependent and independent mechanisms (Benlahrech et al,
2009). This is consistent with the NK cell activation observed
in this study.

NK cells can be activated by several stimuli, including
interactions with APCs, and cytokines, including IL-2, IL-12,
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IL-15, and IL-18 (Orange and Biron, 1996a; Biron et al., 1999;
Biron and Brossay, 2001; Cooper et al., 2001b; Moretta, 2002; He
et al., 2004; Schoenborn and Wilson, 2007; Vivier et al., 2008).
RV infection induces IL-15 expression from DCs and BECs, and
can activate NK cells, inducing IFNy production, independent of
IEN-I signaling (Jayaraman et al., 2014; Xi et al., 2017; Kronstad
et al., 2018). RV16-stimulated activation of NK cells in PBMC
cultures where IFN-I signaling is blocked, suggests that RV16 can
activate NK cells via IFN-I-independent mechanisms, similar to
what has been reported for other viruses (Gary-Gouy et al., 2002;
Hornung et al., 2002). Further experiments are required to
analyze the exact nature of these IFN-I-independent
mechanisms involved in RV16-stimulated NK cell activation.

Some respiratory viruses, such as influenza, can directly
interact with NK cells to elicit immune responses (Ennis et al.,
1981; Siren et al., 2004; Hwang et al., 2013). The use of PBMC
cultures in this study did not allow us to determine the
contribution of direct interactions between RV16 and NK cells,
nor whether RV16 activates NK cells indirectly via other cells,
such as APCs. Future experiments could determine this by
studying purified NK cells.

RV16-stimulated NK cell degranulation was reduced when
IFN-I signaling was blocked in vitro, as shown in Figure 3. This
correlates with previous research into murine models of viral
infection, with IFN-I signaling shown to contribute to the
degranulation of NK cells during MCMYV infection (Orange
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and Biron, 1996b; Nguyen et al., 2002). Interestingly, blocking
IFN-I signaling reduced the proportion of CD107a" NK cells
both in virus-stimulated and unstimulated cultures. The latter
observation may be attributed to autologous DCs inducing NK
cell degranulation, as described by others (Hornung et al., 2002;
Walwyn-Brown et al., 2018). Alternatively, it is possible there is a
certain amount of constitutive IFN-I signaling that produces
low-level NK cell degranulation. It has been suggested that
CD107a protects degranulating cells from their own cytolytic
granules, providing a basis for constitutive CD107a expression
(Cohnen et al., 2013). There were no notable differences between
the degranulation of CD56*™ and CD56""€" NK cell subsets.

GzymB is a cytotoxic mediator released from NK cells to
cause lysis of target cells (Fehniger et al., 2007). While RV16
stimulation increased the frequency of GzymB-producing NK
cells, blocking of IFN-I signaling did not have a significant
impact. Despite the frequency of GzymB-producing NK cells
not changing significantly, the amount of intracellular GzymB
(which was significantly increased in response to viral
stimulation) was lower in the absence of IFN-I signaling.
Previous studies have observed similar trends in murine
vaccinia virus infection, where the addition of IFN-I directly
stimulated NK cell production of GzymB (Martinez et al., 2008).
While constitutive expression of GzymB was noticeably higher in
CD56%™ NK cells, similar trends were still observed in
CD56"" NK cells. RV16 stimulation induced GzymB release
into culture supernatant, in a manner partially dependent on
IFN-I signaling. Importantly, NK cells were observed to produce
more GzymB than T cells or NKT cells.

Stimulation by viruses and cytokines induces NK cell
production of IFNYy (Cooper et al., 2001b; Papadopoulos et al.,
2002b; Maroof et al., 2008). RV16 stimulation significantly
increased both the frequency of IFNy-producing NK cells and
their level of intracellular IFNY. Blocking IFN-I signaling resulted
in a reduction in the frequency of IFNy-producing NK cells in
RV16-stimulated cultures. This indicates that IFN-I signaling
plays a role in RV16-stimulated IFNY production by NK cells,
and is consistent with previous studies on the role of IFN-I on
NK cell IFNY in other viral infections (Biron et al., 1999; Gary-
Gouy et al,, 2002; Martinez et al., 2008; Kronstad et al., 2018).
Notably, almost three times as many CD56"¢™ NK cells were
producing IFNY in response to RV16 stimulation, than CD56%™
NK cells. RV16 stimulation also significantly increased the
amount of released IFNY, and this was also partly dependent
on IFN-I signaling. Importantly, NK cells were found to be more
responsive to both RV16 stimulation and IFN-signaling, than T
cells or NKT cells. Subsequent studies could elucidate the
variations in NK cell surface receptor repertoire, specifically
the density of IFNAR, that may contribute to the differential
effects of RV on the CD56%™ and CD56""8" NK cell subsets
(Cooper et al., 2001a; Sedlmayr et al., 2004).

The limitations of this study must be acknowledged. Firstly,
the use of PBMCs as opposed to lung immune cells for in vitro
experiments. However, NK cells in the lung seem to primarily
consist of circulating rather than tissue resident cells (Marquardt
et al., 2017). In addition to this, RV stimulation of PBMCs has

been shown to be a suitable in vitro model in which to observe
immune responses (Message and Johnston, 2001; Papadopoulos
et al,, 2002b; Hornung et al.,, 2002; Xi et al., 2015; Xi et al.,, 2017).
It is also worth noting that the sample size of this study was small
(n=12); despite this, there was enough statistical power identify
significant differences between groups. The age of participants in
this study (21.6 + 2.8 years) was also restricted. Future studies
should be conducted in larger cohorts, with a broader age range,
to confirm these findings and account for interindividual
variation in response to viral stimulation. This study only
assessed NK cell response at a single time point with a single
MOI of one serotype of human RV. There are over 150 serotypes
of human RV (Glanville and Johnston, 2015). These serotypes
are categorized into major and minor subtypes, based on their
method of cell entry; however, even serotypes that share a
common method of cell entry can follow different endocytic
pathways and release of viral genome at different locations within
the infected cells (Blaas and Fuchs, 2016), leading to diversity in
the elicited immune response (Wark et al., 2009). Despite this,
recognition of pathogen associated molecular patterns that are
highly conserved across RV serotypes, such as ssRNA, by pattern
recognition receptors triggers the activation of the innate
immune response (Triantafilou et al, 2011). Activation of
PBMCs in response to RV stimulation has also been shown to
be dose-dependent (Gern et al., 1996). Future studies using
multiple MOIs and different serotypes of RV could address the
question of dose-dependent and serotype-dependent differences
in NK cell responses. It is also important to acknowledge that
immune cells, including NK cells, do not interact with RV in
circulation, but at the airway epithelium. Thus, further studies
should be conducted in co-cultures of respiratory epithelial cells
and NK cells, in order to observe the NK cell response to virally
infected respiratory epithelial cells. Future studies should also
assess the levels of RV-specific neutralizing antibodies in the
serum of each participant. A deficiency in RV-specific
neutralizing IgG antibodies, specifically those targeting the
VP1 viral capsid protein, has previously been associated with
increased risk of exacerbations in patients with COPD
(Yerkovich et al., 2012). Future studies should examine
whether variations in RV-induced NK cell activation are
associated with susceptibility to colds. A study of this nature
would require a large cohort of participants to have sufficient
study power.

In conclusion, we demonstrated that RV16 stimulates NK
cells in vitro, and that this response is partially, but not
completely, regulated by IFN-I signaling. These results
established that RV16 stimulation of PBMCs leads to NK cell
activation, degranulation, cytotoxic mediator production,
cytokine production, and the release of cytotoxic mediators
and cytokines into the culture supernatant. These aspects of
NK cell activation and function were all partially dependent on
IFN-I signaling. While deficient IFN-I signaling may play some
role in the susceptibility of asthmatics to more persistent and
severe infections, our findings also indicate that further studies
need to examine other cytokines and APC function, and how this
impacts on NK cell function. This study provides an important
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foundation for future studies into NK cell activation and
function in asthma.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENTS

The studies involving human participants were reviewed and
approved by The University of Queensland Human Research
Ethics Committee and Metro South Human Research Ethics
Committee. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

SH and JU contributed to the conception and design of the study.
SH and YX conducted the experiments and statistical analysis. SH
wrote the manuscript. YX and JU contributed to the revision of the

REFERENCES

Alcami, A., Symons, J. A., and Smith, G. L. (2000). The vaccinia virus soluble
alpha/beta interferon (IFN) receptor binds to the cell surface and protects cells
from the antiviral effects of IFN. J. Virol. 74 (23), 11230-11239. doi: 10.1128/
jvi.74.23.11230-11239.2000

Alter, G., Malenfant, J. M., and Altfeld, M. (2004). CD107a as a functional marker
for the identification of natural killer cell activity. J. Immunol. Methods 294 (1),
15-22. doi: 10.1016/j.jim.2004.08.008

Artis, D., and Spits, H. (2015). The biology of innate lymphoid cells. Nature 517
(7534), 293. doi: 10.1038/nature14189

Bals, R., and Hiemstra, P. S. (2004). Innate immunity in the lung: how epithelial
cells fight against respiratory pathogens. Eur. Respir. J. 23 (2), 327-333.
doi: 10.1183/09031936.03.00098803

Bancroft, G. J. (1993). The role of natural killer cells in innate resistance to
infection. Curr. Opin. Immunol. 5 (4), 503-510. doi: 10.1016/0952-7915(93)
90030-V

Barnig, C., Cernadas, M., Dutile, S., Liu, X., Perrella, M. A, Kazani, S., et al. (2013).
Lipoxin A4 Regulates Natural Killer Cell and Type 2 Innate Lymphoid Cell
Activation in Asthma. Sci. Transl. Med. 5 (174), 174ra26. doi: 10.1126/
scitranslmed.3004812

Beasley, R., Coleman, E. D., Hermon, Y., Holst, P. E., Donnell, T. V., and Tobias,
M. (1988). Viral respiratory tract infection and exacerbations of asthma in
adult patients. Thorax 43 (9), 679-683. doi: 10.1136/thx.43.9.679

Benlahrech, A., Donaghy, H., Rozis, G., Goodier, M., Klavinskis, L., Gotch, F., et al.
(2009). Human NK Cell Up-regulation of CD69, HLA-DR, Interferon y
Secretion and Cytotoxic Activity by Plasmacytoid Dendritic Cells is
Regulated through Overlapping but Different Pathways. Sensors (Basel) 9 (1),
386-403. doi: 10.3390/s90100386

Bi, J., Cui, L, Yu, G, Yang, X, Chen, Y., and Wan, X. (2017). NK Cells Alleviate
Lung Inflammation by Negatively Regulating Group 2 Innate Lymphoid Cells.
J. Immunol. 198 (8), 3336-3344. doi: 10.4049/jimmunol.1601830

Biron, C. A., and Brossay, L. (2001). NK cells and NKT cells in innate defense
against viral infections. Curr. Opin. Immunol. 13 (4), 458-464. doi: 10.1016/
$0952-7915(00)00241-7

Biron, C. A., Nguyen, K. B,, Pien, G. C,, Cousens, L. P., and Salazar-Mather, T. P.
(1999). Natural Killer Cells in Antiviral Defense: Function and Regulation by

manuscript and approved the submitted version. All authors
contributed to the article and approved the submitted version.

FUNDING

The National Health and Medical Research Council (NHMRC)
of Australia supported this work via Project grant APP1128010.

ACKNOWLEDGMENTS

The authors acknowledge the Translational Research Institute
for providing the excellent research environment and core
facilities that enabled this research. We particularly thank the
Flow Cytometry Core Facility.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2020.
510619/full#supplementary-material

Innate Cytokines. Annu. Rev. Immunol. 17 (1), 189-220. doi: 10.1146/
annurev.immunol.17.1.189

Blaas, D., and Fuchs, R. (2016). Mechanism of human rhinovirus infections. Mol.
Cell Pediatr. 3 (1), 21-. doi: 10.1186/s40348-016-0049-3

Bryceson, Y. T., March, M. E., Barber, D. F., Ljunggren, H.-G., and Long, E. O.
(2005). Cytolytic granule polarization and degranulation controlled by
different receptors in resting NK cells. J. Exp. Med. 202 (7), 1001-1012.
doi: 10.1084/jem.20051143

Bryceson, Y. T., Fauriat, C., Nunes, J. M., Wood, S. M., Bjorkstrom, N. K., Long,
E. O,, et al. (2010). Functional analysis of human NK cells by flow cytometry.
Methods Mol. Biol. (Clifton NJ) 612, 335-352. doi: 10.1007/978-1-60761-362-
623

Cohnen, A., Chiang, S. C., Stojanovic, A., Schmidt, H., Claus, M., Saftig, P., et al.
(2013). Surface CD107a/LAMP-1 protects natural killer cells from
degranulation-associated damage. Blood 122 (8), 1411-1418. doi: 10.1182/
blood-2012-07-441832

Colamonici, O. R,, Domanski, P., Sweitzer, S. M., Larner, A., and Buller, R. M. L.
(1995). Vaccinia virus B18R gene encodes a type I interferon-binding protein
that blocks interferon o transmembrane signaling. J. Biol. Chem. 270 (27),
15974-15978. doi: 10.1074/jbc.270.27.15974

Colucci, F., Caligiuri, M. A., and Di Santo, J. P. (2003). What does it take to make a
natural killer? Nat. Rev. Immunol. 3, 413-425. doi: 10.1038/nri1088

Cooper, M. A., Fehniger, T. A., and Caligiuri, M. A. (2001a). The biology of human
natural killer-cell subsets. Trends Immunol. 22 (11), 633-640. doi: 10.1016/
$1471-4906(01)02060-9

Cooper, M. A, Fehniger, T. A, Turner, S. C., Chen, K. S., Ghaheri, B. A., Ghayur,
T., et al. (2001b). Human natural killer cells: a unique innate
immunoregulatory role for the CD56bright subset. Blood 97 (10), 3146-
3151. doi: 10.1182/blood.V97.10.3146

Corne, J. M., Marshall, C., Smith, S., Schreiber, J., Sanderson, G., Holgate, S. T,
et al. (2002). Frequency, severity, and duration of rhinovirus infections in
asthmatic and non-asthmatic individuals: a longitudinal cohort study. Lancet
359 (9309), 831-834. doi: 10.1016/S0140-6736(02)07953-9

Costa, C., Bergallo, M., Astegiano, S., Sidoti, F., Terlizzi, M. E., Gambarino, S., et al.
(2011). Detection of human rhinoviruses in the lower respiratory tract of lung
transplant recipients. Arch. Virol. 156 (8), 1439-1443. doi: 10.1007/s00705-
011-0986-z

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

October 2020 | Volume 10 | Article 510619


https://www.frontiersin.org/articles/10.3389/fcimb.2020.510619/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2020.510619/full#supplementary-material
https://doi.org/10.1128/jvi.74.23.11230-11239.2000
https://doi.org/10.1128/jvi.74.23.11230-11239.2000
https://doi.org/10.1016/j.jim.2004.08.008
https://doi.org/10.1038/nature14189
https://doi.org/10.1183/09031936.03.00098803
https://doi.org/10.1016/0952-7915(93)90030-V
https://doi.org/10.1016/0952-7915(93)90030-V
https://doi.org/10.1126/scitranslmed.3004812
https://doi.org/10.1126/scitranslmed.3004812
https://doi.org/10.1136/thx.43.9.679
https://doi.org/10.3390/s90100386
https://doi.org/10.4049/jimmunol.1601830
https://doi.org/10.1016/S0952-7915(00)00241-7
https://doi.org/10.1016/S0952-7915(00)00241-7
https://doi.org/10.1146/annurev.immunol.17.1.189
https://doi.org/10.1146/annurev.immunol.17.1.189
https://doi.org/10.1186/s40348-016-0049-3
https://doi.org/10.1084/jem.20051143
https://doi.org/10.1007/978-1-60761-362-6_23
https://doi.org/10.1007/978-1-60761-362-6_23
https://doi.org/10.1182/blood-2012-07-441832
https://doi.org/10.1182/blood-2012-07-441832
https://doi.org/10.1074/jbc.270.27.15974
https://doi.org/10.1038/nri1088
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1016/S0140-6736(02)07953-9
https://doi.org/10.1007/s00705-011-0986-z
https://doi.org/10.1007/s00705-011-0986-z
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

van der Heide et al.

IFN-I Signaling Involved in NK Cell Response to RV

Culley, F. J. (2009). Natural killer cells in infection and inflammation of the lung.
Immunology 128 (2), 151-163. doi: 10.1111/j.1365-2567.2009.03167.x

Darrah, P. A,, Patel, D. T., De Luca, P. M,, Lindsay, R. W. B,, Davey, D. F,, Flynn,
B. J., et al. (2007). Multifunctional TH1 cells define a correlate of vaccine-
mediated protection against Leishmania major. Nat. Med. 13 (7), 843-850.
doi: 10.1038/nm1592

Di Santo, J. P. (2008). Functionally distinct NK-cell subsets: Developmental
origins and biological implications. Eur. J. Immunol. 38 (11), 2948-2951.
doi: 10.1002/€ji.200838830

Draghi, M., Pashine, A., Sanjanwala, B., Gendzekhadze, K., Cantoni, C., Cosman,
D., etal. (2007). NKp46 and NKG2D Recognition of Infected Dendritic Cells Is
Necessary for NK Cell Activation in the Human Response to Influenza
Infection. J. Immunol. 178 (5), 2688-2698. doi: 10.4049/jimmunol.178.5.2688

D’Arena, G., Musto, P., Cascavilla, N., Di Giorgio, G., Fusilli, S., Zendoli, F., et al.
(1998). Flow cytometric characterization of human umbilical cord blood
lymphocytes: immunophenotypic features. Haematologica 83 (3), 197-203.

Du, N,, Zhou, |, Lin, X,, Zhang, Y., Yang, X., Wang, Y., et al. (2010). Differential
activation of NK cells by influenza A pseudotype H5N1 and 1918 and 2009
pandemic HIN1 viruses. J. Virol. 84 (15), 7822-7831. doi: 10.1128/jvi.00069-10

Ennis, F. A,, Beare, A. S, Riley, D., Schild, G., Meager, A., Yi-Hua, Q,, et al. (1981).
Interferon induction and increased natural killer-cell activity in influenza
infections in man. Lancet 318 (8252), 891-893. doi: 10.1016/S0140-6736(81)
91390-8

Fehniger, T. A., Cai, S. F., Cao, X, Bredemeyer, A. J., Presti, R. M., French, A. R,,
et al. (2007). Acquisition of Murine NK Cell Cytotoxicity Requires the
Translation of a Pre-existing Pool of Granzyme B and Perforin mRNAs.
Immunity 26 (6), 798-811. doi: 10.1016/j.immuni.2007.04.010

French, A. R., and Yokoyama, W. M. (2003). Natural killer cells and viral infectios.
Curr. Opin. Immunol. 15 (1), 45-51. doi: 10.1016/5095279150200002X

Gary-Gouy, H., Lebon, P., and Dalloul, A. H. (2002). Type I interferon production
by plasmacytoid dendritic cells and monocytes is triggered by viruses, but the
level of production is controlled by distinct cytokines. J. Interferon Cytokine
Res. 22 (6), 653-659. doi: 10.1089/10799900260100132

Gern, J. E., Vrtis, R, Kelly, E. A, Dick, E. C., and Busse, W. W. (1996). Rhinovirus
produces nonspecific activation of lymphocytes through a monocyte-
dependent mechanism. J. Immunol. 157 (4), 1605-1612.

Gern, J. E., Vrtis, R.,, Grindle, K. A., Swenson, C., and Busse, W. W. (2000).
Relationship of Upper and Lower Airway Cytokines to Outcome of
Experimental Rhinovirus Infection. Am. J. Respir. Crit. Care Med. 162 (6),
2226-2231. doi: 10.1164/ajrccm.162.6.2003019

Glanville, N., and Johnston, S. L. (2015). Challenges in developing a cross-serotype
rhinovirus vaccine. Curr. Opin. Virol. 11, 83-88. doi: 10.1016/j.coviro.2015.
03.004

Glezen, W. P., Greenberg, S. B., Atmar, R. L., Piedra, P. A,, and Couch, R. B.
(2000). Impact of Respiratory Virus Infections on Persons With Chronic
Underlying Conditions. JAMA 283 (4), 499-505. doi: 10.1001/jama.283.4.499

Hansbro, N. G., Horvat, J. C,, Wark, P. A., and Hansbro, P. M. (2008). Understanding
the mechanisms of viral induced asthma: New therapeutic directions. Pharmacol.
Ther. 117 (3), 313-353. doi: 10.1016/j.pharmthera.2007.11.002

Haworth, O., Cernadas, M., and Levy, B. D. (2011). NK Cells Are Effectors for
Resolvin El in the Timely Resolution of Allergic Airway Inflammation.
J. Immunol. 186 (11), 6129-6135. doi: 10.4049/jimmunol.1004007

He, X.-S., Draghi, M., Mahmood, K., Holmes, T. H., Kemble, G. W., Dekker, C. L.,
et al. (2004). T cell-dependent production of IFN-y by NK cells in response to
influenza A virus. J. Clin. Invest. 114 (12), 1812-1819. doi: 10.1172/
JCI1200422797

Herberman, R. B., and Ortaldo, J. R. (1981). Natural Killer Cells: Their Role in
Defenses against Disease. Science 214 (4516), 24-30. doi: 10.1126/
science.7025208

Hornung, V., Rothenfusser, S., Britsch, S., Krug, A., Jahrsdorfer, B., Giese, T., et al.
(2002). Quantitative Expression of Toll-Like Receptor 1-10 mRNA in Cellular
Subsets of Human Peripheral Blood Mononuclear Cells and Sensitivity to CpG
Oligodeoxynucleotides. J. Immunol. 168 (9), 4531. doi: 10.4049/jimmunol.
168.9.4531

Hwang, L, Scott, J. M., Kakarla, T., Duriancik, D. M., Choi, S., Cho, C,, et al.
(2013). Activation Mechanisms of Natural Killer Cells during Influenza Virus
Infection. PLoS One 7 (12), €51858. doi: 10.1371/journal.pone.0051858

Ivanova, D., Krempels, R., Ryfe, J., Weitzman, K., Stephenson, D., and Gigley, J. P.
(2014). NK Cells in Mucosal Defense against Infection. BioMed. Res. Int. 2014,
413982. doi: 10.1155/2014/413982

Jacobs, S. E., Lamson, D. M., St. George, K., and Walsh, T. J. (2013). Human
Rhinoviruses. Clin. Microbiol. Rev. 26 (1), 135-162. doi: 10.1128/cmr.00077-12

Jayaraman, A., Jackson, D. J., Message, S. D., Pearson, R. M., Aniscenko, J.,
Caramori, G., et al. (2014). IL-15 complexes induce NK- and T-cell responses
independent of type I IEN signaling during rhinovirus infection. Mucosal
Immunol. 7 (5), 1151-1164. doi: 10.1038/mi.2014.2

Kay, N. E. (1985). Natural Killer Cells. CRC Crit. Rev. Clin. Lab. Sci. 22 (4), 343
359. doi: 10.3109/10408368509165790

Khaitov, M. R,, Laza-Stanca, V., Edwards, M. R., Walton, R. P., Rohde, G., Contoli, M.,
etal. (2009). Respiratory virus induction of alpha-, beta- and lambda-interferons in
bronchial epithelial cells and peripheral blood mononuclear cells. Allergy 64 (3),
375-386. doi: 10.1111/j.1398-9995.2008.01826.x

Kronstad, L. M., Seiler, C., Vergara, R., Holmes, S. P., and Blish, C. A. (2018).
Differential Induction of IFN-o. and Modulation of CD112 and CD54
Expression Govern the Magnitude of NK Cell IFN-y Response to Influenza
A Viruses. J. Immunol. 201 (7), 2117. doi: 10.4049/jimmunol.1800161

Lam, V. C,, and Lanier, L. L. (2017). NK cells in host responses to viral infections.
Curr. Opin. Immunol. 44, 43-51. doi: 10.1016/j.c0i.2016.11.003

Lanier, L. L., Le, A. M., Civin, C. I, Loken, M. R,, and Phillips, J. H. (1986). The
relationship of CD16 (Leu-11) and Leu-19 (NKH-1) antigen expression on
human peripheral blood NK cells and cytotoxic T lymphocytes. J. Immunol.
136 (12), 4480-4486.

Lanier, L. L. (2000). Turning on Natural Killer Cells. J. Exp. Med. 191 (8), 1259-
1262. doi: 10.1084/jem.191.8.1259

Lanier, L. L. (2008). Up on the tightrope: natural killer cell activation and
inhibition. Nat. Immunol. 9 (5), 495-502. doi: 10.1038/ni1581

Longini, J. I. M., Monto, A. S., and Koopman, J. S. (1984). Statistical Procedures for
Estimating the Community Probability of Illness in Family Studies: Rhinovirus
and Influenza. Int. J. Epidemiol. 13 (1), 99-106. doi: 10.1093/ije/13.1.99

Maroof, A., Beattie, L., Zubairi, S., Svensson, M., Stager, S., and Kaye, P. M. (2008).
Posttranscriptional Regulation of 1110 Gene Expression Allows Natural Killer
Cells to Express Immunoregulatory Function. Immunity 29 (2), 295-305.
doi: 10.1016/j.immuni.2008.06.012

Marquardt, N., Kekalainen, E., Chen, P., Kvedaraite, E., Wilson, J. N., Ivarsson, M. A.,
et al. (2017). Human lung natural killer cells are predominantly comprised of
highly differentiated hypofunctional CD69"CD56™ cells. J. Allergy Clin. Immunol.
139 (4), 1321-1330. doi: 10.1016/j.jaci.2016.07.043

Martinez, J., Huang, X., and Yang, Y. (2008). Direct Action of Type I IFN on NK
Cells Is Required for Their Activation in Response to Vaccinia Viral Infection
In Vivo. J. Immunol. 180 (3), 1592. doi: 10.4049/jimmunol.180.3.1592

Message, S. D., and Johnston, S. L. (2001). The immunology of virus infection in
asthma. Eur. Respir. J. 18 (6), 1013. doi: 10.1183/09031936.01.00228701

Message, S. D., Laza-Stanca, V., Mallia, P., Parker, H. L., Zhu, J., Kebadze, T., et al.
(2008). Rhinovirus-induced lower respiratory illness is increased in asthma and
related to virus load and Th1/2 cytokine and IL-10 production. Proc. Natl.
Acad. Sci. U. S. A. 105 (36), 13562. doi: 10.1073/pnas.0804181105

Montaldo, E., Zotto, G. D., Chiesa, M. D., Mingari, M. C., Moretta, A., Maria,
A. D, et al. (2013). Human NK cell receptors/markers: A tool to analyze NK
cell development, subsets and function. Cytometry A 83A (8), 702-713.
doi: 10.1002/cyto.a.22302

Moretta, A., Bottino, C., Vitale, M., Pende, D., Cantoni, C., Mingari, M. C, et al.
(2001). Activating Receptors and Coreceptors Involved in Human Natural
Killer Cell-Mediated Cytolysis. Annu. Rev. Immunol. 19 (1), 197-223.
doi: 10.1146/annurev.immunol.19.1.197

Moretta, A. (2002). Natural killer cells and dendritic cells: rendezvous in abused
tissues. Nat. Rev. Immunol. 2, 957-964. doi: 10.1038/nri956

Moretta, L. (2010). Dissecting CD56dim human NK cells. Blood 116 (19), 3689-
3691. doi: 10.1182/blood-2010-09-303057

Nguyen, K. B., Salazar-Mather, T. P., Dalod, M. Y., Van Deusen, J. B., Wei, X.-Q,,
Liew, F. Y., et al. (2002). Coordinated and Distinct Roles for IFN-of3, IL-12,
and IL-15 Regulation of NK Cell Responses to Viral Infection. . Immunol. 169
(8), 4279. doi: 10.4049/jimmunol.169.8.4279

Orange, J. S., and Biron, C. A. (1996a). An absolute and restricted requirement for IL-12
in natural killer cell IFN-gamma production and antiviral defense. Studies of natural

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

October 2020 | Volume 10 | Article 510619


https://doi.org/10.1111/j.1365-2567.2009.03167.x
https://doi.org/10.1038/nm1592
https://doi.org/10.1002/eji.200838830
https://doi.org/10.4049/jimmunol.178.5.2688
https://doi.org/10.1128/jvi.00069-10
https://doi.org/10.1016/S0140-6736(81)91390-8
https://doi.org/10.1016/S0140-6736(81)91390-8
https://doi.org/10.1016/j.immuni.2007.04.010
https://doi.org/10.1016/S095279150200002X
https://doi.org/10.1089/10799900260100132
https://doi.org/10.1164/ajrccm.162.6.2003019
https://doi.org/10.1016/j.coviro.2015.03.004
https://doi.org/10.1016/j.coviro.2015.03.004
https://doi.org/10.1001/jama.283.4.499
https://doi.org/10.1016/j.pharmthera.2007.11.002
https://doi.org/10.4049/jimmunol.1004007
https://doi.org/10.1172/JCI200422797
https://doi.org/10.1172/JCI200422797
https://doi.org/10.1126/science.7025208
https://doi.org/10.1126/science.7025208
https://doi.org/10.4049/jimmunol.168.9.4531
https://doi.org/10.4049/jimmunol.168.9.4531
https://doi.org/10.1371/journal.pone.0051858
https://doi.org/10.1155/2014/413982
https://doi.org/10.1128/cmr.00077-12
https://doi.org/10.1038/mi.2014.2
https://doi.org/10.3109/10408368509165790
https://doi.org/10.1111/j.1398-9995.2008.01826.x
https://doi.org/10.4049/jimmunol.1800161
https://doi.org/10.1016/j.coi.2016.11.003
https://doi.org/10.1084/jem.191.8.1259
https://doi.org/10.1038/ni1581
https://doi.org/10.1093/ije/13.1.99
https://doi.org/10.1016/j.immuni.2008.06.012
https://doi.org/10.1016/j.jaci.2016.07.043
https://doi.org/10.4049/jimmunol.180.3.1592
https://doi.org/10.1183/09031936.01.00228701
https://doi.org/10.1073/pnas.0804181105
https://doi.org/10.1002/cyto.a.22302
https://doi.org/10.1146/annurev.immunol.19.1.197
https://doi.org/10.1038/nri956
https://doi.org/10.1182/blood-2010-09-303057
https://doi.org/10.4049/jimmunol.169.8.4279
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

van der Heide et al.

IFN-I Signaling Involved in NK Cell Response to RV

killer and T cell responses in contrasting viral infections. J. Immunol. 156 (3), 1138—
1142.

Orange, J. S., and Biron, C. A. (1996b). Characterization of early IL-12, IFN-
alphabeta, and TNF effects on antiviral state and NK cell responses during
murine cytomegalovirus infection. J. Immunol. 156 (12), 4746-4747.

Papadopoulos, N. G., Moustaki, M., Tsolia, M., Bossios, A., Astra, E., Prezerakou, A.,
etal. (2002a). Association of Rhinovirus Infection with Increased Disease Severity
in Acute Bronchiolitis. Am. J. Respir. Crit. Care Med. 165 (9), 1285-1289.
doi: 10.1164/rccm.200112-118BC

Papadopoulos, N. G., Stanciu, L. A., Papi, A., Holgate, S. T., and Johnston, S. L.
(2002b). A defective type 1 response to rhinovirus in atopic asthma. Thorax 57
(4), 328-332. doi: 10.1136/thorax.57.4.328

Papamichail, M., Perez, S., Gritzapis, A., and Baxevanis, C. (2004). Natural killer
lymphocytes: biology, development, and function. Cell Immunol. 53 (3), 176—
186. doi: 10.1007/500262-003-0478-4

Pritchard, A. L., Carroll, M. L., Burel, J. G., White, O. J., Phipps, S., and Upham,
J. W. (2012). Innate IFNs and Plasmacytoid Dendritic Cells Constrain Th2
Cytokine Responses to Rhinovirus: A Regulatory Mechanism with Relevance
to Asthma. J. Immunol. 188 (12), 5898. doi: 10.4049/jimmunol.1103507

Pritchard, A. L., White, O. J., Burel, J. G., Carroll, M. L., Phipps, S., and Upham,
J. W. (2014). Asthma Is Associated with Multiple Alterations in Anti-Viral
Innate Signalling Pathways. PLoS One 9 (9), e106501. doi: 10.1371/
journal.pone.0106501

Radaev, S., and Sun, P. D. (2003). Structure and Function of Natural Killer Cell
Surface Receptors. Annu. Rev. Biophys. Biomol. Struct. 32 (1), 93-114.
doi: 10.1146/annurev.biophys.32.110601.142347

Robertson, M. J., and Ritz, J. (1990). Biology and clinical relevance of human
natural Kkiller cells. Blood 76 (12), 2421-2438. doi: 10.1182/blood.V76.12.
2421.2421

Sanders, S. P., Siekierski, E. S., Porter, J. D., Richards, S. M., and Proud, D. (1998).
Nitric Oxide Inhibits Rhinovirus-Induced Cytokine Production and Viral
Replication in a Human Respiratory Epithelial Cell Line. J. Virol. 72 (2),
934-942. doi: 10.1128/JV1.72.2.934-942.1998

Schoenborn, J., and Wilson, C. (2007). Regulation of Interferon- gamma During
Innate and Adaptive Immune Responses. Adv. Immunol. 96, 41-101.
doi: 10.1016/S0065-2776(07)96002-2

Sedlmayr, P., Schallhammer, L., Hammer, A., Wilders-Truschnig, M., Wintersteiger,
R, and Dohr, G. (2004). Differential Phenotypic Properties of Human Peripheral
Blood CD56dim+ and CD56bright+ Natural Killer Cell Subpopulations. Int.
Arch. Allergy Immunol. 110 (4), 308-313. doi: 10.1159/000237321

Shresta, S., Maclvor, D. M., Heusel, J. W., Russell, . H., and Ley, T. J. (1995).
Natural killer and lymphokine-activated killer cells require granzyme B for the
rapid induction of apoptosis in susceptible target cells. Proc. Natl. Acad. Sci.
U. S. A. 92 (12):5679. doi: 10.1073/pnas.92.12.5679

Siren, J., Sareneva, T., Pirhonen, J., Strengell, M., Veckman, V., Julkunen, L, et al.
(2004). Cytokine and contact-dependent activation of natural killer cells by
influenza A or Sendai virus-infected macrophages. J. Gen. Virol. 85 (8), 2357-
2364. doi: 10.1099/vir.0.80105-0

Smyth, M. ], Thia, K. Y. T,, Street, S. E. A,, Cretney, E., Trapani, J. A., Taniguchi, M.,
et al. (2000). Differential Tumor Surveillance by Natural Killer (Nk) and Nkt
Cells. J. Exp. Med. 191 (4), 661-668. doi: 10.1084/jem.191.4.661

Souza-Fonseca-Guimaraes, F., Parlato, M., Philippart, F., Misset, B., Cavaillon, J. M.,
and Adib-Conquy, M. (2012). Toll-like receptors expression and interferon-
gamma production by NK cells in human sepsis. Crit. Care 16 (5), R206.
doi: 10.1186/cc11838

Strowig, T., Brilot, F., and Miinz, C. (2008). Noncytotoxic Functions of NK Cells:
Direct Pathogen Restriction and Assistance to Adaptive Immunity. J. Immunol.
180 (12), 7785-7791. doi: 10.4049/jimmunol.180.12.7785

Sykes, A., Macintyre, J., Edwards, M. R., del Rosario, A., Haas, J., Gielen, V., et al.
(2014). Rhinovirus-induced interferon production is not deficient in well

controlled asthma. Thorax 69 (3), 240-246. doi: 10.1136/thoraxjnl-2012-
202909

Symons, J. A., Alcami, A., and Smith, G. L. (1995). Vaccinia virus encodes a soluble
type I interferon receptor of novel structure and broad species specificity. Cell
81 (4), 551-560. doi: 10.1016/0092-8674(95)90076-4

Triantafilou, K., Vakakis, E., Richer, E. A. J., Evans, G. L., Villiers, J. P., and
Triantafilou, M. (2011). Human rhinovirus recognition in non-immune cells is
mediated by Toll-like receptors and MDA-5, which trigger a synergetic pro-
inflammatory immune response. Virulence 2 (1), 22-29. doi: 10.4161/
viru.2.1.13807

Trinchieri, G. (1989). Biology of natural killer cells. Adv. Immunol. 47, 187-376.
doi: 10.1016/S0065-2776(08)60664-1

Vering, J., Vrtis, R., Swenson, C., Gern, J., and Busse, W. (2000). 486 Rhinovirus
(RV) 16 stimulation of interferon (IFN)-o. and -y by human peripheral blood
mononuclear cells (PBMC). J. Allergy Clin. Immunol. 105, S159. doi: 10.1016/
S0091-6749(00)90915-1

Versluys, A., Rossen, J., van Ewijk, B., Schuurman, R., Bierings, M., and Boelens, J.
(2010). Strong association between respiratory viral infection early after
hematopoietic stem cell transplantation and the development of life-
threatening acute and chronic alloimmune lung syndromes. Biol. Blood
Marrow Transplant. 16 (6), 782-791. doi: 10.1016/j.bbmt.2009.12.534

Vivier, E., Tomasello, E., Baratin, M., Walzer, T., and Ugolini, S. (2008). Functions
of natural killer cells. Nat. Immunol. 9 (5), 503-510. doi: 10.1038/ni1582

Walwyn-Brown, K., Guldevall, K., Saeed, M., Pende, D., Onfelt, B., MacDonald,
A. S, et al. (2018). Human NK Cells Lyse Th2-Polarizing Dendritic Cells via
NKp30 and DNAM-1. J. Immunol. 201 (7), 2028. doi: 10.4049/
jimmunol.1800475

Wang, J., Li, F., Zheng, M., Sun, R., Wei, H., and Tian, Z. (2012). Lung natural
killer cells in mice: phenotype and response to respiratory infection.
Immunology 137 (1), 37-47. doi: 10.1111/§.1365-2567.2012.03607 x

Wark, P. A. B,, Johnston, S. L., Bucchieri, F., Powell, R., Puddicombe, S., Laza-
Stanca, V., et al. (2005). Asthmatic bronchial epithelial cells have a deficient
innate immune response to infection with rhinovirus. J. Exp. Med. 201 (6),
937-947. doi: 10.1084/jem.20041901

Wark, P. A. B,, Grissell, T., Davies, B., See, H., and Gibson, P. G. (2009). Diversity
in the bronchial epithelial cell response to infection with different rhinovirus
strains. Respirology 14 (2), 180-186. doi: 10.1111/j.1440-1843.2009.01480.x

Xi, Y., Finlayson, A., White, O. J., Carroll, M. L., and Upham, J. W. (2015).
Rhinovirus stimulated IFN-o production: how important are plasmacytoid
DCs, monocytes and endosomal pH? Clin. Transl. Immunol. 4 (10), e46.
doi: 10.1038/cti.2015.27

Xi, Y., Troy, N. M., Anderson, D., Pena, O. M., Lynch, J. P., Phipps, S., et al. (2017).
Critical Role of Plasmacytoid Dendritic Cells in Regulating Gene Expression
and Innate Immune Responses to Human Rhinovirus-16. Front. Immunol.
8, 1351. doi: 10.3389/fimmu.2017.01351

Yerkovich, S. T., Hales, B. J., Carroll, M. L., Burel, J. G., Towers, M. A., Smith, D. ],
et al. (2012). Reduced rhinovirus-specific antibodies are associated with acute
exacerbations of chronic obstructive pulmonary disease requiring
hospitalisation. BMC Pulm. Med. 12, 37. doi: 10.1186/1471-2466-12-37

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 van der Heide, Xi and Upham. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

October 2020 | Volume 10 | Article 510619


https://doi.org/10.1164/rccm.200112-118BC
https://doi.org/10.1136/thorax.57.4.328
https://doi.org/10.1007/s00262-003-0478-4
https://doi.org/10.4049/jimmunol.1103507
https://doi.org/10.1371/journal.pone.0106501
https://doi.org/10.1371/journal.pone.0106501
https://doi.org/10.1146/annurev.biophys.32.110601.142347
https://doi.org/10.1182/blood.V76.12.2421.2421
https://doi.org/10.1182/blood.V76.12.2421.2421
https://doi.org/10.1128/JVI.72.2.934-942.1998
https://doi.org/10.1016/S0065-2776(07)96002-2
https://doi.org/10.1159/000237321
https://doi.org/10.1073/pnas.92.12.5679
https://doi.org/10.1099/vir.0.80105-0
https://doi.org/10.1084/jem.191.4.661
https://doi.org/10.1186/cc11838
https://doi.org/10.4049/jimmunol.180.12.7785
https://doi.org/10.1136/thoraxjnl-2012-202909
https://doi.org/10.1136/thoraxjnl-2012-202909
https://doi.org/10.1016/0092-8674(95)90076-4
https://doi.org/10.4161/viru.2.1.13807
https://doi.org/10.4161/viru.2.1.13807
https://doi.org/10.1016/S0065-2776(08)60664-1
https://doi.org/10.1016/S0091-6749(00)90915-1
https://doi.org/10.1016/S0091-6749(00)90915-1
https://doi.org/10.1016/j.bbmt.2009.12.534
https://doi.org/10.1038/ni1582
https://doi.org/10.4049/jimmunol.1800475
https://doi.org/10.4049/jimmunol.1800475
https://doi.org/10.1111/j.1365-2567.2012.03607.x
https://doi.org/10.1084/jem.20041901
https://doi.org/10.1111/j.1440-1843.2009.01480.x
https://doi.org/10.1038/cti.2015.27
https://doi.org/10.3389/fimmu.2017.01351
https://doi.org/10.1186/1471-2466-12-37
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Natural Killer Cells and Host Defense Against Human Rhinoviruses Is Partially Dependent on Type I IFN Signaling
	Introduction
	Materials and Methods
	Participants
	Rhinovirus Generation and Titration
	PBMC Isolation and Culture
	Flow Cytometry
	ELISA
	Statistical Analysis

	Results
	RV16, But Not IFN-I Signaling, Causes Minor Changes in NK Cell Populations
	RV16 Induces Intense NK Cell Activation, Which Is Partly Dependent on IFN-I Signaling
	RV16 Induces NK Cell Cytolytic Granule Release Which Is Partly Dependent on IFN-I Signaling
	RV16 Induces Small Changes in Both the Percentage of GzymB-Producing NK Cells and Their Intracellular GzymB
	RV16 Induces IFN&gamma;-Producing NK Cells in an IFN-I Dependent Manner
	IFN-I Signaling Is Involved in the RV16-Stimulated Release of GzymB and IFN&gamma;
	NK Cells Make a Large Contribution to the Production of GzymB and IFN&gamma;

	Discussion
	Data Availability Statement
	Ethics Statements
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


