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early cell death and rapid induction of type I interferon signaling pathways
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We developed a model of influenza virus infection of neutrophils by inducing differentiation of the MPRO
promyelocytic cell line. After 5 days of differentiation, about 20–30% of mature neutrophils could be detected.
Only a fraction of neutrophils were infected by highly virulent influenza (HVI) virus, but were unable to sup-
port active viral replication compared with MDCK cells. HVI infection of neutrophils augmented early and late
apoptosis as indicated by annexin V and TUNEL assays. Comparison between the global transcriptomic re-
sponses of neutrophils to HVI and low virulent influenza (LVI) revealed that the IFN regulatory factor and
IFN signaling pathways were the most significantly overrepresented pathways, with activation of related
genes in HVI as early as 3 h. Relatively consistent results were obtained by real-time RT-PCR of selected
genes associated with the type I IFN pathway. Early after HVI infection, comparatively enhanced expression
of apoptosis-related genes was also elicited.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Highly virulent influenza (HVI) infection is characterized by
dysregulated innate immune responses in various influenza animal
models, including our murine model using mouse-adapted HVI H3N2
virus [1]. These include excessive expression of type I interferon (IFN)
stimulated genes, aswell as cytokines and chemokines early after infec-
tion. Furthermore, analyses of bronchoalveolar lavage from animals
infected with HVI viruses reveal significantly increased cellularity and
numbers of neutrophils and macrophages in their lungs compared to
those infected with low virulent influenza (LVI) viruses [2]. It is there-
fore logical to investigate the global transciptomic responses of these
two innate immune cell types following infectionwith influenza viruses
of varying virulence, and to elucidate their contributions to differential
lung pathogenesis.

Lee et al. [3] compared the transcriptional profiles of primary
human macrophages infected by LVI and HVI viruses, i.e. seasonal
H1N1 and avian H5N1, respectively. Highly pathogenic H5N1 induces
robust expression of proinflammatory cytokine/chemokine and type I
IFN-related genes, including CXCL10 and IFNβ1. In contrast, murine
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alveolarmacrophages fail to express strong IFN and cytokine expression
in response to lethal H1N1 PR8 influenza virus infection [4]. These
opposing results may be attributed to the ability of H5N1 virus to
replicate in human alveolar macrophages, but not the pandemic swine
origin H1N1-2009 virus [5]. Thus, the contribution of macrophages to
the dysregulation of innate immune responses following influenza
infection appears to be strain-specific, andmerits further investigations.

There has been hitherto no transcriptomic study that specifically
investigates the differential effects of HVI and LVI virus infections of
neutrophils. However, the role of neutrophils during in vivo infection
with influenza virus of varying virulence has been investigated by
comparing infection of control animals versus those animals whose
neutrophils are specifically depleted with monoclonal antibody 1A8.
Tate et al. [6] demonstrated that neutrophils are particularly beneficial
in controlling viral replication in animals infected with intermediate or
highly virulent viruses, whereas the absence of neutrophils in animals
infected with LVI virus does not affect the course of the disease. We
have previously reported that PR8 virus-infected, neutrophil-depleted
animals display fewer clinical signs and milder pathologic changes com-
pared to infected, macrophage-depleted animals that exhibit respiratory
distress and enhanced acute lung injury [7], suggesting that neutrophils
mediate greater lung damage than macrophages. Hence, neutrophils
may also contribute to the dysregulation of innate immunity, cytokine
storm, and severe lung injury.

Several characteristics of influenza virus infection of neutrophils
have been elucidated. The viral hemagglutinin activates an atypical
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Fig. 1. Comparison between viral replication kinetics of LVI, HVI, and MPI viruses in
MDCK cells.
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respiratory burst, where hydrogen peroxide is produced in the absence
of detectable superoxide, and subsequently depresses neutrophil func-
tions in terms of chemotaxis, degranulation, and bacterial killing [8].
Furthermore, the nature of influenza infection in neutrophils is abortive,
such that viral proteins can be synthesized but new virus progeny is not
formed [9]. Influenza virus enhances the surface expression of toll-like
receptors (TLRs), including TLR2, TLR7 and TLR8 [10,11], leading to
increased respiratory burst, cytokine and chemokine expression in
neutrophils. These TLRsmaywork in conjunctionwith TREM1 to amplify
cytokine expression in neutrophils andmacrophages, as revealed by our
previous microarray analyses [1]. Influenza virus can also induce higher
rates of cell death and apoptosis in neutrophils [12].

The lack of understanding on the direct implications of increased
virulence of influenza virus in neutrophils motivated our investiga-
tion of global neutrophil responses to LVI and HVI. This study was
also driven by our previous findings [1], where genes and pathways
associated with neutrophil activities, e.g. neutrophil chemoattractant
CXCL1 and TREM1 signaling, were differentially regulated in LVI and
HVI. Neutrophils isolated from mouse blood or bone marrow are not
ideal since neutrophils are terminally differentiated and naturally
die within 1–2 days. However, there are several neutrophil progeni-
tor cell lines that can be differentiated into neutrophils, including
MPRO and EML. Neutrophils differentiated from these two cell lines
have similar properties to normal neutrophils in terms of chemotaxis,
respiratory burst and phagocytosis [13]. Furthermore, these neutro-
phils are able to release neutrophil extracellular traps (NETs) [14],
an antimicrobial mechanism that is also employed by mouse neutro-
phils [15]. The ability to release NETs implies the full functionality of
neutrophils derived from MPRO or EML cell lines.

In this study, the MPRO cell line was induced to differentiate
into neutrophils to explore the interactions between neutrophils
and H3N2 influenza virus strains of varying virulence. We induced
MPRO differentiation to determine the optimal yield and time for
infecting neutrophils. Next, we investigated the ability of influenza
virus to infect and replicate within these neutrophils, including their
apoptotic responses. This neutrophil infection model was also tested
using HVI virus propagated in MDCK cells, designated as “MPI”
virus. Following validation of the infection model, we performed
gene microarray experiments on neutrophils infected with LVI, HVI
and MPI viruses. Taken together, our results on the differential
transcriptomic responses of neutrophils to these infections provided
novel insights into the contribution of neutrophils in accelerating
early innate immune responses and apoptosis, especially during HVI
infection.

2. Results

2.1. The MPRO cell line differentiates into a significant proportion of
mature neutrophils within five days of culture

Two approaches for maintaining neutrophils were compared,
i.e. with excess and limited supply of medium. Overall, both approaches
generally resulted in similar neutrophil yields, and flow cytometry
revealed no significant difference in the proportions of Ly6G-positive
neutrophils on days 4, 5 and 6 of differentiation (data not shown).

Considering the senescence of neutrophils with prolonged mainte-
nance, neutrophils were mainly harvested for experiments on day 5
after differentiation, where Ly6G-positivity by flow cytometry was
~20% while the average percentage of neutrophil-like cells estimated
by manual or automated counting of Giemsa-stained cells was ~30%.
The relatively higher estimates by the latter techniquemaybe attributed
to the subjectivity of interpreting the maturation of neutrophils. To ex-
plain the different results between Giemsa staining and Ly6G detection
by flow cytometry, we also performedflow cytometry using an antibody
against granulocyte receptor 1 (Gr-1), also known as RB6-8C5. Unlike
monoclonal antibody 1A8 that specifically recognizes Ly6G expressed
only in mature neutrophils, Gr-1 recognizes both Ly6G and Ly6C
[16,17]. Among neutrophils on day 5, the percentage (average of qua-
druplicates) of Gr-1-positive cells (32%) was higher than Ly6G-positive
cells (18%). Thus, Giemsa staining appeared to be closer to flow cytom-
etry based on Gr-1 staining. As expected, double staining revealed
that cells strongly positive for Ly6G were mainly also strongly positive
for Gr-1 (data not shown). Finally, there was a population of cells with
intermediate Gr-1 but low Ly6G staining that may represent immature
neutrophils (or eosinophils to a lesser extent).
2.2. Neutrophils are infectable by influenza virus

The replication rates of HVI and MPI viruses in MDCK cells were
significantly higher than that of LVI (Fig. 1). Hence, we focused on MPI,
and addressed whether MPI virus is able to infect mature and immature
neutrophils. Influenza viruswas labeledwith afluorescent lipophilic dye,
i.e. 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-indodicarbocyanine (DiD), to
evaluate the percentage of neutrophils being infected. Using 106 cells
in 200 μl, flow cytometry detected about 4% and 11% of infected cells
(average of quadruplicates) after 1 h incubation with influenza virus at
multiplicity of infection (MOI) of 0.1 and 1, respectively. Cells positive
for DiD staining could still be detected at 24 h post-infection (p.i.).
Furthermore, DiD-labeling of influenza virus indicated that both Ly6G-
positive and Ly6G-negative (i.e. mature and immature) neutrophils
could be infected (data not shown). Finally, 1 h after incubation, confocal
microscopy could visualize infected neutrophilswith DiD dye clearly dis-
persed in the cytoplasm (Fig. 2).
2.3. Neutrophils do not support active influenza virus replication

MPI virus titers in supernatants of infected neutrophils at various
time-points remained relatively unchanged, but were significantly
increased in supernatants collected from infected MDCK cells as
positive control (Fig. 3A).

Representative immunofluorescence staining of infected neutrophils
at 9 h p.i. using antibody raised against H3N2 virus indicated that viral
proteins were synthesized in the cytoplasm as well as nucleus (Fig. 3B).
Interestingly, the percentage of neutrophils positive for viral staining
was very low at 6 h p.i. (less than 1%), but modestly increased from
~2.5% at 9 h p.i. to 5.5% at 24 h p.i. (Fig. 3C). Taken together, these
findings suggest that influenza virus infection of neutrophils is abortive,
i.e. the virus does not actively replicate within neutrophils, although
viral proteins can be synthesized.



Fig. 2. Confocal microscopy of neutrophils examined 1 h after incubation with DiD-labeled MPI virus. Two representative examples are depicted: the left panels show nuclei stained
with DAPI (blue), middle panels exhibit the cytoplasm of infected cells containing DiD label (red), while right panels are the merged images.
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2.4. Influenza virus infection of neutrophils augments early and
late apoptosis

The effects of MPI virus infection on neutrophil cell death and
apoptosis were assessed by flow cytometry based on annexin V
(A5) and propidium iodide (PI) staining. This assay determines the
proportions of viable cells (A5–PI– cells), and of cells undergoing
early apoptosis (A5+PI– cells). Cell viability of infected neutrophils
was generally lower than that of uninfected samples, significantly at
6, 12 and 24 h p.i. Furthermore, the proportion of infected neutro-
phils undergoing early apoptosis was significantly greater than in
uninfected samples from 6 h p.i. onwards (Fig. 4A). In addition, the
TUNEL assay indicated a significantly higher percentage of apoptotic
cells in infected samples (Fig. 4B). Thus, influenza virus infection
accelerates neutrophil death and apoptosis.

2.5. Differential transcriptomic profiles of neutrophils in response to MPI,
HVI and LVI

To investigate global transcriptional responses of neutrophils to H3N2
virus, gene expression data were obtained at 3 and 9 h p.i. from neutro-
philsmock-infectedwithmouse lunghomogenate (control), and infected
with LVI, HVI andMPI viruses. Normalized expression datawere analyzed
by two-way ANOVA with Benjamini–Hochberg correction for multiple
tests to identify genes with significant infection, time, and interaction ef-
fects. Using a significance level of 0.05 for adjusted p-value, we identified
133 genes with significant infection effect, 4463 genes with significant
time effect, and 138 genes with significant interaction between infection
and time effects. The overlap between these significant groups of genes is
depicted in Fig. 5A.

We focused mainly on the expression profiles of 129 genes that
revealed a significant infection effect with an absolute log fold change
relative to mock infection of >0.6 at any time-point of any treatment
(referred to as differentially expressed genes) as shown in Fig. 5B. The
most striking result was that neutrophils responded to HVI more rap-
idly than to LVI and MPI. In particular, many genes were upregulated
as early as 3 h p.i. with HVI, whereas their enhanced expression was
only observed at 9 h p.i. for LVI and MPI. Interestingly, the maximal
expression changes for most genes in all infections were quite com-
parable even though the MOI for MPI was ten-fold higher than that
for LVI and HVI. Notably, more intense expression changes in response
to MPI coincided with relatively higher viral protein synthesis detected
at 9 h p.i. as described earlier, whereas only very few neutrophils
infected with LVI virus were positive for viral protein staining at this
time-point (data not shown).

2.6. Earlier and stronger type I IFN response characterizes HVI infection
of neutrophils

Ingenuity Pathway Analysis revealed activation of IFN regulatory
factor (IRF) and IFN signaling pathways as the two most significantly
overrepresented pathways. The most interesting sub-network in
these pathways was that associated with type I IFNβ since this gene,
but not type I IFNα and type II IFNγ, was differentially expressed in
our microarray data. In addition, FuncAssociate 2.0 listed “cellular
response to IFNβ” as the most overrepresented Gene Ontology
category. Fig. 5C depicts the heatmap summarizing the expression
changes of mainly type I IFN-inducible genes. It is notable that the
expression of most IFN-related genes in HVI was more intense at 3 h
p.i. compared to that at 9 h p.i., while the reverse pattern was true for
LVI and MPI. Fig. 6 illustrates the sub-network associated with IFNβ
and highlights: (1) the role of two RNA-sensing molecules RIG-I
(DDX58) and MDA5 (IFIH1) in activating IRF3 and IRF7 to induce IFNβ
expression and initiate antiviral innate immunity; and (2) the role of
IFNβ signaling in elevating the expression of IRF7 and antiviral genes
via activation of STAT1, STAT2, and IRF9 complex.

To validate the microarray data, we performed quantitative RT-PCR
for several IFN-related genes, including DDX58, IFIH1, IFNβ1, IRF1, IRF7,
IRF9, STAT1, STAT2, ISG15, ISG20, IFIT3, OASL2, and CXCL10 (Fig. 7).
For several of these genes, i.e. DDX58, STAT2, ISG15, ISG20, OASL2,
and CXCL10, there was high correlation between microarray and
RT-PCR data (0.96, 0.90, 0.86, 0.93, 0.95, and 0.95, respectively). For all
infections, RT-PCR detected overexpression of IRF1 especially at 3 h
p.i., and of IRF7 and IRF9 later at 9 h p.i. Furthermore, RT-PCR also indi-
cated early induction of DDX58, STAT1, STAT2, ISG15, ISG20, and OASL2
genes particularly for HVI. The IFNβ1 gene was overexpressed in MPI,
LVI, and HVI infections. Overall, there was generally good consistency
between RT-PCR and microarray data, with both approaches providing
evidence for earlier expression of type I IFN-inducible genes in neutro-
phils infected with HVI compared to LVI and MPI.

image of Fig.�2


Fig. 3. (A) Comparison of MPI virus titers of supernatants from infected MDCK cells and neutrophils (NEUT). Samples were collected at various time-points after infection at MOI of
0.1. (B) Detection of viral protein synthesis via immunofluorescence staining using polyclonal antibody against H3N2 virus. Viral proteins could be observed in the cytoplasm and/or
nucleus of neutrophils at 9 h after incubation with MPI virus. (C) Kinetics of viral protein synthesis based on the percentage of cells positive for viral staining. About 5×106 cells per
ml were initially infected with MPI virus at MOI of 1.
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2.7. Expression of apoptosis genes during MPI, LVI and HVI infections

Microarray data also elucidated higher expression levels of genes
associated with apoptotic activity in infected versus uninfected neu-
trophils, including CASP4, EIF2AK2, NOD1, XAF1, and genes related
to retinoic acid-mediated apoptosis signaling, i.e. PARP9, PARP10,
and PARP14. It should be emphasized that increased expression of
these genes occurred earlier at 3 h p.i. with HVI, in comparison with
9 h p.i. for LVI and MPI infections (Table 1). Specifically for MPI
infection, elevated expression of these genes was concomitant with
the enhanced apoptosis observed in infected neutrophils.

3. Discussion

We succeeded in employing the MPRO cell line in suspension
culture as a source for deriving highly viable neutrophils with a sig-
nificant proportion of relatively pure neutrophils. Despite evidence
to show no differences in the neutrophil yields obtained by using

image of Fig.�3


Fig. 4. Induction of enhanced apoptosis in neutrophils infected by influenza virus. About 5×106 cells per ml were initially infected with MPI virus at MOI of 1, and compared with
uninfected cells. (A) Flow cytometry based on annexin V (A5) and propidium iodide (PI) staining indicated that the proportions of infected cells undergoing early apoptosis
(A5-positive and PI-negative) were significantly higher than uninfected cells at multiple time-points. (B) TUNEL assay also revealed augmented apoptosis of infected neutrophils
at 12 h p.i., as illustrated by representative images, and quantification of TUNEL-positive cells. The differences between the percentages of infected and uninfected samples were
tested using the one-tail paired t-test (* pb0.05, ** pb0.01).
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excess or limited maintenance medium, further experiments may be
carried out to optimize neutrophil yield with retinoids to stimulate
MPRO differentiation [18]. A neutrophil yield of about 15–20% was
determined by Ly6G-based flow cytometry at days 4–6 after differen-
tiation. Examination of Giemsa-stained neutrophils manually or using
an automated image analysis system revealed neutrophil yields of
about 15–40%.

We demonstrated the potential of the MPRO cell line for modeling
influenza virus infection of neutrophils, to gain novel insights into the
relationships and interactions between influenza viral virulence and
neutrophils. In particular, we showed that influenza virus was able
to infect neutrophils by successfully labeling with DiD for tracking
the virus in living cells [19]. Notwithstanding that mature and imma-
ture neutrophils could be infected, influenza infection in neutrophils
was abortive and induced apoptosis. Of interest, we revealed that
neutrophils infected with LVI and HVI viruses elicited mainly type I
IFN responses, but with differences in kinetics.

Typically, type I and type II IFNs confer protection against viruses
and bacteria, respectively. The protective function of type II IFNγ
produced by mature and immature neutrophils early after infection
has been demonstrated in infection models of Listeria monocytogenes
[20] and Streptococcus pyogenes [21]. However, the protective role of
type I IFNα/β produced by neutrophils remains unclear. Despite
their potent antiviral and antibacterial activities, overactivation of
type I and II IFNs may also be detrimental. Repetitive exposure to in-
haled particulate antigens causes overactivation of neutrophil IFNγ
that contributes to the pathogenesis of hypersensitivity pneumonitis
[22]. Chromatin induces neutrophils to produce IFNα [23], while
IFNα can prime neutrophils to release NETs [24], suggesting a feedback
loop thatmay cause overactivation of IFNα, and increase the abundance
of NETs. The protective role of IFNβ produced by neutrophils, or the
detrimental effects related to its over- or under-activation are not
completely understood. For example, overactivation of genes down-
stream of IFNα/β in neutrophils may contribute to the pathogenesis of
tuberculosis [25].

Our infection model of neutrophils with HVI revealed rapid activa-
tion of mostly type I IFN-related genes, including the ubiquitin-like
modifier ISG15, an antiviral gene that was noticeably highly expressed
at 12 h after HVI virus infection of mice [1]. However, not all type I
IFN-inducible genes were differentially expressed in influenza infection
of neutrophils. For example, we did not observe any change in expres-
sion of the MX1 gene, which is implicated in many in vitro and in vivo
influenzamodels, and determines the effectiveness of type I IFN against
influenza virus [26]. Nevertheless, the rapid IFN response in neutrophils
may represent a potent contributor to the dysregulation of innate im-
munity and pathogenesis of HVI-infected animals [27,28]. In influenza
models, activation of type I IFN signaling sensitizes the host to second-
ary bacterial pneumonia due to impairment of neutrophil responses
[29], and potentiates virus-induced apoptosis via the FADD/CASP8
death signaling pathway [30].

The rapid response of the type I IFN pathway in HVI was concurrent
with the early expression of the viral dsRNA sensing molecule, RIG-I or
DDX58 [31]. However, the earlier expression of IFN-inducible genes in
HVI was interestingly accompanied by a modest increase in IFNβ
expression. The ability of the influenza virus to suppress IFNβ is likely
due to the viral NS1 protein which inhibits IFNβ transcriptional
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Fig. 6. A sub-network of canonical pathways associated with IFNβ regulation and signaling. Genes that were overexpressed in LVI, HVI, and MPI infections by microarray analyses
are shaded gray.
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induction via variousmechanisms [32,33]. Furthermore, the rapid type I
IFN response of neutrophils to HVI virus could not be explained by its
higher replication rate alone, since the replication kinetics of HVI and
MPI viruses in MDCK cells were similar, but the type I IFN response in
MPI infection was relatively slower. Hence, the differences in gene
expression kinetics of neutrophils infected by HVI and MPI signify the
importance of comparing the original HVI isolate in murine lung
homogenate against that propagated in MDCK cells.

The expression levels of several genes encoding cytokines and
chemokines were upregulated in neutrophils in response to influenza
infection. Of particular interest is CXCL10, an IFNγ-inducible protein
that acts as a potent neutrophil chemoattractant [34], and is highly
expressed in various animal models of infection with HVI virus.
In highly pathogenic H5N1 infection of ferrets, inhibition of CXCR3
(a cognate receptor of CXCL10) reduces lung infiltration and delays
mortality [35]. Interestingly, in mice infected with HVI [1], CXCL10
is not elevated, whereas neutrophil chemoattractant CXCL1 (Gro-α
or KC) is highly expressed even at 12 h p.i.

In addition, we also demonstrated that influenza virus infection
accelerates neutrophil apoptosis. Specifically, the annexin V and TUNEL
assays confirmed that MPI-infected neutrophils undergo cell death via
apoptosis that was significantly higher than that in uninfected samples,
particularly at 6–24 h p.i. These apoptosis findings were complemented
by transcriptomic data of infected neutrophils that revealed differential
regulation of apoptosis-related genes, including IFN-inducible EIF2AK2
Fig. 5. Analyses of gene microarray data of influenza infection of neutrophils. (A) Venn diag
ANOVA with Benjamini–Hochberg correction for multiple tests. (B) Heatmap of 129 genes w
time-point of infection with LVI, HVI, and MPI viruses. (C) Heatmap highlighting expressio
(eukaryotic translation initiation factor 2-alpha kinase 2), and genes
involved in retinoic acid-mediated apoptosis signaling. Significantly,
HVI triggered more rapid upregulation of these apoptosis-related genes
(at 3 h p.i.) in contrast to MPI and LVI (at 9 h p.i.). Influenza-induced
neutrophil apoptosis is associated with increased neutrophil expression
of Fas antigen and Fas ligand [12]. The respiratory burstmay also contrib-
ute to reduced neutrophil survival, e.g. after incubation with influenza
virus and Streptococcus pneumoniae [36]. Neutrophil apoptosis may also
be induced by influenza viral proteins, especially the multifunctional
NS1 [37]. Hence, abortive influenza virus infection of neutrophils
can still induce apoptosis. It is particularly noteworthy that the course
of MPI virus-induced neutrophil apoptosis was compatible with the
expression of cellular or viral genes, as documented previously [12],
and by our experimental data.

Overall, our model of influenza infection using the MPRO cell line
has offered new insights into the roles of neutrophils during the
pathogenesis of severe influenza. In particular, we propose that the
augmented apoptosis and rapid type I IFN responses of HVI-infected
neutrophils may contribute to dysregulation of innate immunity in
the lungs. It may be worthwhile to investigate neutrophil cell death
and gene expression responses to different strains of HVI virus in
order to evaluate the contribution of neutrophils to innate immune
dysfunction. This model may also be exploited in future studies on
the interactions of neutrophils with other related pathogens or dis-
eases. An area of considerable interest would be to explore neutrophil
ram showing the overlap between significant groups of genes as analyzed by two-way
ith a significant infection effect, and an average absolute log fold change of >0.6 at any
n of IFN-related genes in response to infection with LVI, HVI, and MPI.
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defects attributed to influenza virus infection, including demonstrat-
ing the impact on phagocytosis and developing a secondary bacterial
infection model.

4. Materials and methods

4.1. Culture and differentiation of the MPRO cell line into neutrophils

MPRO cells were cultured in Iscove's modified Dulbecco's medium
(IMDM) containing 4 mM L-glutamine, 3 g/l sodium bicarbonate,
10 ng/ml murine GM-CSF, and 20% heat-inactivated fetal bovine
serum (FBS) at 37 °C with 5% CO2. The culture medium was
replenished in 1–2 days to obtain 5×105 cells per ml. To induce the
Fig. 7. Validation of microarray data for several IFN-related genes by real-time RT-PCR. Lo
duplicate samples.
differentiation of MPRO cells into neutrophils, the growth medium
was supplemented with 10 μM all-trans retinoic acid. Specific
volumes of fresh maintenance medium were added at certain days
during differentiation to achieve low or high concentrations of
MPRO cells. For excess medium supplementation, an initial 1 vol
was added on day 2 after differentiation, 2 vol on day 3, and 1 vol
each on days 4 and 5 to attain concentrations of 1–2×105 cells per
ml. Alternatively, limited supplementation of medium was added,
i.e. 1.5 vol on day 3, and 0.5 vol each on days 4 and 5. Neutrophil
viability was determined based on trypan blue exclusion. For most
infection experiments, including microarray analyses, neutrophils
were harvested on day 4 or 5 after maintaining with limited medium
supplementation.
g fold changes (relative to mock control) shown in the graphs reflect the average of
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Fig. 7 (continued).
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4.2. Estimating the proportion of mature neutrophils among the MPRO
cell population

The proportion of neutrophils was estimated by flow cytometry of
Ly6G-stainedMPRO cells, aswell as bymanual and automated counting
of Giemsa-stained neutrophils. For flow cytometry, 106 MPRO cells
were washed with phosphate-buffered saline (PBS) before and after
20 min incubation at 4 °C with 100 μl of plain stain buffer or buffer
containing 1:50 dilution of anti-mouse PerCP-Cy5.5 rat anti-mouse
Ly6G (BDBiosciences) or FITC anti-mouseGr-1 (MACS,Miltenyi Biotec),
fixed, and resuspended in sheath buffer. Flow cytometric analysis was
Table 1
Changes in expression of genes associated with apoptotic activity in neutrophils infected wit
time-points post-infection are expressed as log fold changes.

Gene symbol Biological activity MP

3 h

CASP4 Execution-phase of cell apoptosis −0
EIF2AK2 Inhibition of protein synthesis 0
NOD1 Enhancement of caspase-9-mediated apoptosis 0
PARP9 Retinoic acid-mediated apoptosis signaling 0
PARP10 Retinoic acid-mediated apoptosis signaling −0
PARP14 Retinoic acid-mediated apoptosis signaling 0
RNF34 Anti-apoptotic function 0
XAF1 Inhibition of anti-caspase activity 1
performed using the Cytomics FC 500 Series Flow Cytometer (Beckman
Coulter), and data were analyzed by the CXP software version 1.0 or
WinMDI version 2.9 (Bio-Soft Net). The threshold for singly stained
samples was determined by allowing 5% error for their unstained coun-
terparts. The proportion of positively stained cells was obtained by
subtracting 5% from the percentage to the right of the threshold of
stained samples. For Giemsa staining, 50 μl of each sample containing
2.5–5.0×104 cells were cyto-centrifuged onto glass slides, subjected
to May–Grünwald–Giemsa staining, and scanned by a MIRAX MIDI
slide scanner (Carl Zeiss). Ten fields of scanned cells were sampled at
40× magnification, and the neutrophil-like proportion was estimated
h influenza viruses. The gene expression changes for MPI, LVI, and HVI infections at the

I LVI HVI

9 h 3 h 9 h 3 h 9 h

.9 1.6 −0.7 2.8 1.2 0.5

.7 2.7 1.2 3.6 4.2 1.2

.4 0.9 0.6 2.4 1.4 0.4

.5 2.3 0.7 3.2 3.2 1.5

.1 1.7 0.4 2.8 2.3 0.9

.5 2.6 0.8 4.0 4.1 1.5

.0 1.7 0.8 2.3 2.4 0.8

.2 3.9 1.6 5.1 5.0 3.2
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manually, or by an automated image analysis system [38]. Smaller images
containing fewer cells were randomly cropped without repetition from
larger ones for manual counting.

4.3. Virus strains, determination of virus titers, and neutrophil infection

Influenza virus strain A/Aichi/2/68 H3N2 was purchased from
the American Type Culture Collection, propagated in eggs, and shown
to cause LVI in mice. This virus strain was also adapted to cause HVI in
a mouse model through serial lung-to-lung passaging until the tenth
passage [27]. For further use, passage 10 HVI virus was passaged using
4–6 week-old female BALB/c mice, where lung homogenates were col-
lected two days after infection. All animal experiments were conducted
in a BSL-2 laboratory, and approved by the Institutional Animal Care
and Use Committee. HVI virus of the fourteenth passage was used.
Since HVI replicates more efficiently than LVI, we also propagated
the HVI virus in MDCK cells (termed as “MPI”), and used MPI virus to
perform most experiments that analyzed infection of neutrophils.
Virus titers were determined either by plaque assay or TCID50 assay
[27]. For infection, neutrophils were incubated with influenza virus for
1 h at 37 °C with 5% CO2, and then resuspended in IMDM containing
25 ng/ml GM-CSF to 5×106 cells per ml.

4.4. Labeling influenza virus with lipophilic dye for identifying infected cells

Plain EMEM or EMEM containing 107 pfu of MPI virus per ml
was incubated with 1:20 dilution of the fluorescent lipophilic dye
(1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-indodicarbocyanine or DiD) in a
6-well plate for 1 h at 37 °C with 5% CO2. After incubation, the inocula
were filtered using 0.45-μm syringe filters, and frozen at −80 °C until
further use. The inoculum without virus but incubated with DiD served
as the DiDmock control. Following incubation with DiD-labeledMPI for
1 h, infected cells were identified by flow cytometry or confocal
microscopy [39]. For flow cytometry, cells were washed with PBS,
stained with FITC Ly6G, fixed, and resuspended in sheath buffer. For
confocal microscopy, cells were washed with PBS, cyto-centrifuged
onto glass slides, permeabilized with Triton X-100, stained with DAPI,
and examined with the Olympus FluoView FV1000 confocal laser scan-
ning microscope using a 100×/1.45 oil objective, with 405 nm solid
state laser diode, and 633 nm HeNe laser as the excitation source (for
visualizing DiD dye).

4.5. Comparing kinetics of influenza virus replication in MDCK cells
and neutrophils

To compare the viral replication kinetics, confluent MDCK cell
monolayers in 12-well plates were inoculated with LVI, HVI or MPI
virus at MOI of 0.1 (without adding TPCK-treated trypsin), and incu-
bated for 1 h at 37 °C with 5% CO2. Inocula were removed, replaced
with 1 ml of plain EMEM, and 100 μl of each supernatant collected
after 3, 6, 12, and 24 h for virus plaque assay. The replication kinetics
of MPI in MDCK and neutrophils were compared in 24-well plates.
Infected neutrophils were incubated in fresh IMDM containing
25 ng/ml GM-CSF (4×106 cells in 800 μl). Supernatants (50 μl each)
of both infected cell types were harvested at 6, 12, and 24 h for
virus plaque assay.

4.6. Immunofluorescence detection of influenza-infected neutrophils

At 6, 9, 12, and 24 h after infection with MPI virus, 3–5×104

neutrophils were cyto-centrifuged onto a glass slide. Cells were
fixed with formaldehyde, permeabilized with 1% Triton X-100,
blocked with 2% FBS and PBS for 10 min and 1 h, respectively. After
washing with PBS, cells were incubated overnight with 1:250 dilution
of primary rabbit antibody raised against influenza A/Aichi/2/68
H3N2 virus. Cells were then washed twice with PBS, incubated with
1:250 dilution of anti-rabbit Alexa 555 (Molecular Probes) for 1 h in
room temperature, washed, and DAPI was applied. Twelve fields of
infected neutrophils were captured for analyzing the kinetics of
viral protein synthesis using the Olympus BX60 fluorescence micro-
scope. Staining was also performed on neutrophils infected with LVI
virus after 9 h and HVI virus after 3 h. Infected MDCK cells stained
in a similar way served as positive control.

4.7. Early and late apoptosis assays

Flow cytometry based on annexin V and propidium iodide (PI)
staining was performed on 5 replicates of paired uninfected and
infected samples collected at 0, 3, 6, 9, 12, and 24 h after incubation
with MPI virus. Infected or uninfected neutrophils (1.5×106) in
24-well plates were washed with PBS, and incubated with 1:50
dilution of both FITC annexin V and PI (BD Biosciences) in 100 μl of
binding buffer for 20 min at room temperature in the dark. Then,
400 μl of binding buffer was added to each sample, cells were gently
resuspended, and analyzed by flow cytometry as previously described.
TUNEL assaywas also performed on cyto-centrifuged samples collected
at 12 h after incubation using an In Situ Cell Death detection kit, POD
(Roche Applied Science) according to the manufacturer's protocol
[40]. The percentage of apoptotic cells was ascertained in a similar
way as for the manual neutrophil estimation by Giemsa staining.

4.8. Oligonucleotide microarray experiments

Neutrophils were infectedwith LVI, HVI (atMOI of 0.1) andMPI virus
(at MOI of 1) for 1 h in medium containing 10 ng/ml GM-CSF. The con-
trol was represented by neutrophils incubated with uninfected murine
lung homogenate (mock infection). Neutrophils were resuspended into
24-well plates (3×106 cells per well). After 3 and 9 h of incubation,
each supernatant was removed and total RNA was extracted using the
RNeasyMini kit (Qiagen) according to themanufacturer's recommenda-
tions. The quantity and purity of total RNA were measured by the
Nanodrop ND-100 spectrophotometer, while RNA integrity was verified
by the Agilent 2100 Bioanalyzer. Total RNA was labeled with the One
Color Low Input Quick Amp labeling kit, version 6.5 (Agilent) following
the manufacturer's instructions. Briefly, 100 ng of each RNA sample
was converted into double-stranded cDNA with an oligo-dT primer
containing the recognition site for T7 RNA polymerase. In vitro transcrip-
tion with T7 RNA polymerase generated cyanine 3-CTP-labeled cRNA.
The labeled cRNA (600 ng) was hybridized onto Agilent SurePrint G3
Mouse GE 8×60 K Microarray (design ID 028005) for 17 h at 65 °C,
10 rpm in an Agilent hybridization oven. The microarray slide was then
washed in wash buffer 1 for 1 min at room temperature, and another
minute in wash buffer 2 at 37 °C before scanning with the Agilent
High-Resolution Microarray C Scanner. Raw signal data were extracted
from the TIFF image with Agilent Feature Extraction software (version
10.7.1.1).

4.9. Gene microarray data processing and analyses

GeneSpring GX 11.5 (Agilent) was utilized for normalization and
filtering of the Agilent microarray data. Percentile shift normalization
(set at 75th percentile) was applied on log-transformed data. Baseline
transformation to median for each batch of data from each replicate
was performed. Batch effect correction was also carried out to correct
markers that showed consistent signals within batches but large
variations between batches. Probes flagged as detected in any experi-
ment were included in a working list (22,911 transcripts). Two-way
ANOVA was applied on this list using R software (http://www.r-project.
org/) to identify genes that had significant infection, time, and interaction
effects. If a gene had no significant interaction effect, we employed
two-way ANOVA without considering the interaction effect to improve
the p-value for infection and time effects. The Benjamini–Hochberg

http://www.r-project.org/
http://www.r-project.org/
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method for multiple test correction implemented in the R software
was utilized to adjust p-values of the ANOVA test for each gene. Gene
Ontology analysis was performed using FuncAssociate 2.0 [41], while
pathway analysis was carried out using Ingenuity Pathway Analysis.

4.10. Quantitative real-time RT-PCR analysis

Total RNA was converted into cDNA using MMLV reverse tran-
scriptase (Promega), and SYBR Green PCR analyses were performed
using the LightCycler system (Roche Applied Science) according to
themanufacturer's protocol. Primer pairs for selected geneswere synthe-
sized based on PrimerBank [42,43], i.e. GAPDH (6679937a1), DDX58
(27370002a1), IRF1 (6680467a1), IRF7 (8567364a1), IRF9 (6680474a1),
IFIH1 (23956208a1), STAT1 (27502700a1), STAT2 (9910572a1), IFIT3
(6754288a1), ISG15 (7657240a1), ISG20 (15805028a1), OASL2
(16924024a1), and CXCL10 (10946576a1); except IFNβ primers
(5′-CCACAGCCCTCTCCATCAACTATAAGC-3′ and 5′-AGCTCTTCAACTGG
AGAGCAGTTGAGG-3′). The uniformity of each amplified product was
confirmed by the melting curve displaying a single consistent peak.
The GAPDH housekeeping gene was used for normalizing the expres-
sion data of other genes. The specificity of each primer pair was con-
firmed by a single diagnostic band in gel electrophoresis of RT-PCR
products.
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