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Abstract

The role of Group X secreted phospholipase A2 (GX-sPLA2) during influenza infection has not

been previously investigated. We examined the role of (Reviewer 2 Minor Comment 2) GX-

sPLA2 during H1N1 pandemic influenza infection in a GX-sPLA2 gene targeted mouse (GX−/−)

model and found that survival after infection was significantly greater in GX−/− mice than in

GX+/+ mice. Downstream products of GX-sPLA2 activity, PGD2, PGE2, LTB4, cysteinyl

leukotrienes and Lipoxin A4 were significantly lower in GX−/− mice BAL fluid. Lung microarray

analysis identified an earlier and more robust induction of T and B cell associated genes in GX−/−

mice. Based on the central role of sPLA2 enzymes as key initiators of inflammatory processes, we

propose that activation of GX-sPLA2 during H1N1pdm infection is an early step of pulmonary

inflammation and its (Reviewer 2 Minor Comment 2) inhibition increases adaptive immunity

and improves survival. Our findings suggest that GX-sPLA2 may be a potential therapeutic target

during influenza.
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Introduction

Influenza is a leading source of morbidity and mortality worldwide that is caused by ever

changing and newly emerging influenza viruses including the introduction of the 2009 A/

H1N1/2009 (H1N1pdm) and novel avian H7N9 viruses (26,31,72). While effective vaccines

and antiviral drugs have been developed for circulating strains of human influenza (66),

continued antigenic drift and shift generate novel virus strains that pose a threat to

immunologically naïve populations. The emergence of pandemic influenza H1N1pdm in the

spring of 2009 led to hundreds of thousands of hospitalizations with significant numbers of

fatalities in North America (2). Severe cases were characterized by viral pneumonia and

uncontrollable pulmonary inflammation, and were similar to the inflammation observed in

severe cases of SARS, H5N1 and Spanish Influenza patients (5,6,10,13) Importantly there is

little understood regarding the pathways driving the pulmonary inflammatory process for

these diseases.

Host-defenses against influenza include anatomic barriers, mucociliary clearance, anti-

microbial secretions and innate and adaptive immune responses. Early host responses are

characterized by the mobilization of leukocytes, such as alveolar and circulating

macrophages, polymorphonuclear leukocytes (PMN) (73) and NK cells which continues into

the activation of adaptive immune cells such as T-cells, B-cells and dendritic cells.

Importantly, factors that lead to the activation of these cells and cell networks are increased

after H1N1pdm Infection (1,57,57,58). These include inflammatory mediators such as

chemokines, cytokines and lipid mediators like eicosanoids.

Kelvin et al. Page 2

Virology. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The first step in the generation of eicosanoids, inflammatory mediators that participate in the

regulation of the inflammatory response, is catalyzed by PLA2 enzymes, which release

arachidonic acid (AA) from phospholipids (21). To date, 11 secreted PLA2 enzymes

(sPLA2; IB, IIA, IIC, IID, IIE, IIF, III, V, X, XIIA and XIIB)(52), 6 cytosolic PLA2

enzymes (cPLA2s; α, β, γ, δ, ε, ξ) (42), 9 Ca2+-independent PLA2 enzymes (iPLA2s; α, β, γ,

δ2, δ, ε, ε2 ξ, θ, η) (52), and 2 lysosomal PLA2 enzymes (25) have been described

(Reviewer 2 Minor Comment 3). The sPLA2 enzymes are structurally related, Ca2+-

dependent proteins with unique biological properties, enzymatic activities against membrane

phospholipids and tissue and cellular locations, suggesting distinct roles for these enzymes

in various pathophysiological events. sPLA2 enzymes are implicated in lipid mediator

release(52), degranulation (52), cellular proliferation (52), destruction of invading bacteria

(52), viruses (41,49) and activation of intracellular signaling cascades (42). GX-sPLA2 is

expressed in alveolar macrophages and epithelial cells in the lungs of patients with

pneumonia (46), neuronal cells (29), male reproductive organs (22) and atherosclerotic

plaques (39), and is cleaved to its active form in inflamed tissues (45).

Arachidonic acid (AA) is the precursor of prostaglandins, thromboxanes, leukotrienes and

lipoxins, eicosanoids that regulate pulmonary vascular and bronchial responses, leukocyte

activation, adhesion and emigration (32,33). Eicosanoids also regulate antigen presenting

cell (APC) function (20,53,70), T cell maturation (55) and Th17 expansion (69,75). We

found that IL-17 and Th17 cells are dysregulated during human H1N1pdm infection

(5,6,57). Therefore, sPLA2 enzymes and eicosanoids may play a central role in determining

the outcome of pulmonary viral infection. The role of sPLA2 enzymes in the immune

responses to H1N1pdm infection in vivo has not been evaluated.

GX-sPLA2 has been highly implicated in the inflammatory response including pattern

recognition receptor function, and displays the highest activity among all mammalian

sPLA2s on phosphatidylcholine-rich liposomes in vitro (12,33). Recently, GX-sPLA2 has

been suggested as a signal amplifier in TLR4 stimulation which further suggests a role for

GX-sPLA2 in the regulation of the inflammatory response (67). Considering the potential of

GX-sPLA2 in the inflammatory response, sPLA2 enzymes may play a central role in

determining the outcome of pulmonary viral infections, which cause uncontrolled

inflammatory destruction of the respiratory tract (33).

We have developed a robust lethal mouse model of H1N1pdm infection to study innate host

defense mechanisms and antiviral compound activity (59). We have shown that H1N1pdm

infection in this mouse model leads to pulmonary inflammation, a histopathological picture

similar to what is observed in fatal human cases, and over 90% lethality within 5–8 days

(59). In this study, we document a marked increase in GX-sPLA2 expression in lung

following infection in GX+/+ mice. To specifically evaluate the pathophysiological role of

GX-sPLA2 in our lethal influenza mouse model, we subjected GX+/+ and GX−/− mice (33)

to H1N1pdm infection in vivo. Our results showed that, in two distinct mouse strains,

targeted deletion of GX significantly increased survival following H1N1pdm infection in

comparison with GX+/+ mice. In addition, eicosanoid accumulation in BAL fluid was

attenuated and induction of T cell and B cell associated genes was higher in GX−/− than

GX+/+ mice after H1N1pdm infection. Taken together, our data suggests a negative role for
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GX-sPLA2 in the immune response to pulmonary infection with H1N1pdm influenza in

vivo. Furthermore, these findings implicate GX-sPLA2 as a potential therapeutic target

during severe influenza infection.

Materials and Methods

Generation of GX-sPLA2 KO mice

To dissect the role of GX-sPLA2 in the molecular regulation of pulmonary infection with

H1N1pdm influenza, mice that lack GX-sPLA2 (GX−/− mice) on the C57BL/6J background

previously described were used (48). This mixed background strain has a naturally occurring

mutation in (Reviewer 2 Minor Comment 4) the gene encoding GIIA-sPLA2 (40), which

has been implicated in bacterial phospholipid hydrolysis (24). Furthermore, we generated

GX−/− mice on the C3H/HeN background (Figure 1 C) by backcrossing the C57BL/6J

GX−/− mice for 10 generations which had functional GIIA-sPLA2.

Animals Maintenance

Mice were maintained on standard animal feed and water ad libitum in conventional

environmental conditions and controlled temperature and humidity with a 12 hour light and

dark cycle. For infection studies, animals were housed in HEPA-filtered cage racks adherent

to ABSL2+ conditions (Toronto General Hospital Animal Resource Centre, Toronto,

Canada). All animal procedures were performed in a certified class II biosafety cabinet

(Baker Company, Sanford, NC, USA). Housing and experimental procedures were approved

by the Animal Care Committee of the University Health Network, and were in accordance

with the Guide for the Care and Use of Laboratory Animals Research Statutes, Ontario

(1980).

Viral Infection

All infection experiments were conducted with H1N1pdm strain, A/Mexico/4108/2009

(H1N1pdm), provided by the Centers for Disease Control and Prevention (Atlanta, GA,

USA). Virus was propagated and titrated in embryonated eggs and titrated prior to animal

challenge. Viral stocks were stored in liquid nitrogen and thawed prior to use. Mice were

weighed and randomly assigned for sample collection, and were infected through intranasal

instillation with 50 µL phosphate-buffered saline (mock infection) or 50 µL A/Mexico/

4108/2009 (H1N1pdm) at 1 × 105 or 1 × 104 50% egg infectious dose (EID)50. Virus dosage

were 1 × 104 EID50 and 1 × 105 EID50 for host response profiling in C57BL/6J mice and 1 ×

104 EID50 for comparing disease severity between GX+/+ and GX−/− mice. Throughout

infection experiments, animal survival, clinical signs, and weights were recorded daily. In

accordance with Animal Care Committee recommendation, mice were euthanized when

recorded body weight fell below 80% of original body weight.

Viral Load Measurement

At day 0, 3 and 6 pi, 3 GX+/+ and 3 GX−/− mice were euthanized and lung homogenates

collected for viral load determination by either Madin-Darby Canin Kidney (MDCK) cell

growth determination or Real-time RT-PCR (RNA Analysis methods and Table S1). For

MDCK determination lungs were homogenized (10% w/v) in High Glucose (4.5 g/L)
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Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 1% bovine serum

albumin, 50 µg/mL Gentamycin, 100 U/mL Penicillin, 100 µg/mL Streptomycin, and 1

µg/mL TPCK-Trypsin (vDMEM). Homogenates were then serially diluted (0.5 log10) in

quadruplicate over Madin-Darby Canine Kidney cells, cultured at 2.0 × 104 cells/well in 96-

well plates. Cells were incubated for 2 hours at 37C and 5 % CO2. Homogenates were then

removed and replaced with fresh vDMEM. Cells infected were incubated for 6 days at 37 ºC

and 5 % CO2, after which cell culture supernatants were tested for the presence of virus by

hemagglutination assay using 0.5% (v/v) turkey red blood cells (LAMPIRE Biological

Laboratories, Pipersville, PA, USA). Viral loads were determined as the reciprocal of the

dilution at which 50% of wells were positive for viral infection. Viral loads were reported as

TCID50 per gram of lung tissue. Limit of detection of 101 TCID50/g.

Host gene expression and viral load measurement by Real Time RT-PCR

Lung tissues from both GX−/− and GX+/+ mice were collected at 3 and 6 days post infection

(pi) and from uninfected controls (4 mice per group). RNA was purified from lung tissue

using TriPure (Roche, Indianapolis, IN, USA). Purified RNA was then reverse transcribed

using ImProm-II Reverse Transcription System (Promega, Madison, WI, USA). Real Time

RT-PCR was performed using the ABI-Prism 7900HT Sequence Detection Systems

(Applied Biosystems, Foster City, CA, USA). Data was collected with Applied Biosystems

Sequence Detection Systems Version 2.3 software. Each reaction well contained 4 µL of

0.625 ng/uL cDNA, 0.5 µL each of forward and reverse primers (final concentration of 200

nM), and 5 µL SYBR Green Master Mix, for a total reaction volume of 10 µL and run in

quadruplicate. Host gene expression was normalized to the glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) housekeeping gene, and quantified by relative standard curve

method. Viral load was quantified by the absolute standard curve method, normalized to

GAPDH housekeeping. Primer sequences are listed in Table S1.

Histology, immunohistochemistry, immunofluorescence and immunoblotting

GX+/+ and GX−/− mice were euthanized at baseline, day 3, day 6 and day 14 pi (n>5 mice)

and the mouse whole body was vascular perfused by cardiac puncture in situ with a fixative

solution of 10% buffered formalin by a continuous release pump under pressure and

volume-controlled conditions. Fixed lung tissues were paraffin wax embedded for histology

and immunohistochemistry. For H&E, tissue slides were then stained with hematoxylin-

eosin for histopathology assessment. Rabbit anti-murine GX-sPLA2 (17) was used to assess

the tissue distribution of the GX-sPLA2 protein. Sections were counter-stained with

Hematoxylin and Eosin and observed under light microscope (Accu-scope®, Commack, NY,

USA). Images were captured using a digital camera and SE Premium software

(Micrometrics™, Londonderry, NH, USA) (16). For Mac-3 tissue expression, rat anti-mouse

Mac-3 was used (BD Biosciences, Mississauga, ON).

For CD3 immunofluorescence, following heat-induced antigen retrieval, lung tissue sections

were blocked with donkey serum and stained with primary antibodies rabbit anti-CD3

(Dako, Burlington, ON). Donkey anti-rabbit Cy3 was used as secondary antibodies

(Millipore, Billerica, MA) and DAPI (Sigma) for nuclear counterstain. Images were
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recorded with an Olympus Fluo View 1000 confocal laser scanning microscope (Olympus,

Tokoyo, Japan).

Immunoblots for GX-sPLA2 were carried out as described by our group (17). For

Immunoblotting detection antibodies against MPO (Upstate, Lake Placid), CD45 (BD

Biosciences, Mississauga, ON), and GAPDH (Santa Cruz Biotechnology, Dallas Tx).

Eicosanoid Analysis

BAL fluid collection—Lungs were lavaged at 0 and 6 days post H1N1 infection with 5 ml

of normal saline. The BAL fluid was centrifuged at 250g for 10 minutes and the supernatant

was used for estimation of PGD2, PGE2, LTB4, cysteinyl leukotriens and Lipoxin A4

content.

Analysis of PGD2 in BAL fluid—0.5 ml of BAL fluid was mixed with 0.5 ml of ice-cold

acetone, incubated on ice for 5 minutes and centrifuged for 10 minutes at 3000g at 4°C.

After supernatant aspiration, the pellet was extracted with 1 ml of ice-cold acetone and

centrifuged again. The acetone extracts were combined and the acetone evaporated under

nitrogen. All Samples were then methoximated (PGD2-MOX EIA kit (Cayman Chemical),

and purified on Oasis HLB columns (Waters Corporation) equilibrated with methanol/0.2%

formic acid. Methanol eluants were evaporated in a Savant Speed Vac concentrator and

samples dissolved in Cayman EIA buffer before EIA analysis, according to manufacturer’s

instructions.

Analysis of PGE2, LTB4 and cysteinyl leukotriens in BAL fluid—1.2 ml of BAL

fluid was mixed with 2.4 ml of methanol containing 0.2% formic acid, incubated on ice for 5

minutes and centrifuged at 3000g for 10 minutes at 4°C. After adjustment of methanol to

15%, supernatants were loaded on Oasis HLB column equilibrated with methanol/0.2%

formic acid (Waters Corporation). Columns were processed in a vacuum manifold (Waters

Corporation). After wash with water/0.03% formic acid, the samples were eluted with

methanol/0.2% formic acid, methanol eluants were evaporated in a Savant Speed Vac

concentrator and samples dissolved in Cayman EIA buffer before EIA analysis for PGE2,

LTB4 and cysteinyl leukotrienes (EIA kits, Cayman Chemical) according to manufacturer’s

instructions.

Analysis of Lipoxin A4 in BAL fluid—0.6 ml of BAL fluid was extracted with 1.2 ml of

ice-cold methanol, incubated on ice for 5 minutes and centrifuged for 10 minutes at 3000g at

4°C. The supernatants were diluted with water to achieve 11% methanol concentration and

adjusted to pH 3.5 with 1N HCl. Samples were purified on C18 Sep-Pak columns (Waters

Corporation) preconditioned with methanol. After column wash with water followed by

hexane, samples were eluted with methyl formate. The eluants were evaporated under

nitrogen and the samples reconstituted in EIA buffer and assayed for Lipoxin A4 content

(Neogen Corporation) according to the manufacturer’s protocol.
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Microarray Analysis

Lung tissues from both GX−/− and GX+/+ mice were collected at 3 and 6 days pi and from

uninfected controls (4 mice per group) as with the Real Time RT-PCR. RNA was purified

from lung tissue using TriPure (Roche, Indianapolis, IN, USA) and amplified with Illumina

TotalPrep RNA Amplification Kit (Ambion, Austin, TX, USA). 1.5 µg of cRNA was

labeled and hybridized to MouseWG-6 v2.0 Expression BeadChip (Illumina, San Diego,

CA, USA) and scanned on Illumina BeadStation 500GX. Raw data was processed with

Illumina GenomeStudio V2010.3 software. The data sets were subjected to quantile

normalization, variance stabilization and log2 transformation. Genes were considered

significantly regulated if the expression levels with respect to the uninfected controls were

≥1.5-fold different and the Student t-test’s p value was <0.05. DAVID Bioinformatics

Resource v6.7 (http://david.abcc.ncifcrf.gov/home.jsp)(36) was used to perform functional

classification of differentially expressed genes. Additionally, interferon regulated genes

were selected by using the Interferome (v2) database (http://interferome.its.monash.edu.au/

interferome/home.jspx) (62). Immunoglobulin chains and prostaglandin-related gene

categories were defined by searching for relevant keywords in the annotated microarray

datasets. MultiExperiment Viewer v4.7.2 (http://www.tm4.org/mev/) was used to perform

complete Hierarchical clustering and generate heatmap representations of selected genes.

Statistical Analysis

Data are presented as mean ± SEM. Analyses of data recorded at 1 time point were

performed by 2-tailed, unpaired, Student t tests. Analyses of data recorded at several time

points for 2 groups (GX+/+ and GX−/− mice) were performed by 2-way ANOVA (to evaluate

the effect of group, time and group–time interactions); if significant, a Bonferroni correction

for multiple comparisons was applied for post-hoc analysis between different time points or

between different groups at the same time point. Survival after H1N1pdm influenza

infection was assessed by a log-rank test. A value of P<0.05 was accepted as statistically

significant. The authors had full access to and take full responsibility for the integrity of the

data. All authors have read and agree to the manuscript as written.

Results

GX-sPLA2 is increased in the lungs during H1N1pdm infection

Airway epithelial cells and myeloid cells can both express GX-sPLA2 (46). Previously, we

have investigated the host immune responses to pulmonary viral infections, including

infection with the influenza viruses H5N1 and H1N1pdm (5,6,8–10,23,37,38,43).

Furthermore, we have also delineated the biology and molecular regulation of many of the

enzymes that catalyze eicosanoid biosynthesis in vitro and in vivo (15–19,44,45,61,65). To

begin to investigate the role of GX-sPLA2 during H1N1pdm infection, we evaluated the

pulmonary expression of GX-sPLA2 in our H1N1 pandemic influenza mouse model.

GX+/+ mice were infected intranasally with A/Mexico/4108/2009 (H1N1pdm) and lung

tissues were harvested at baseline and on day 3, 6 and 14 post infection (pi). Real-time PCR

was performed on the extracted RNA and identified a significant increase in the ratio of GX-

sPLA2 to GAPDH mRNA on day 3 and day 14, but not day 6 pi (Figure 1 Ai). GX-sPLA2/
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GAPDH mRNA increased approximately 4 fold on day 3 and 3 fold on day 14 compared to

baseline. Furthermore, we also determined the regulation of cytosolic PLA2 (cPLA2) (Figure

1 Aii) and the sPLA2 family member GV-PLA2 (Figure 1 Aiii) in both GX+/+ and GX−/−

mice. There was negligible total protein upregulation of cPLA2 and GV-PLA2 was not

regulated throughout the infection time course. The absence of the change of total protein of

cPLA2 was also confirmed by immunohistochemistry (data not shown). No statistical

differences in mRNA transcripts for cPLA2 and GV-PLA2 were noted between the GX+/+ or

GX−/− mice. These results demonstrated that H1N1pdm influenza infection stimulated a

bimodal increase in pulmonary GX-sPLA2 mRNA expression which was specific for this

sPLA2 since neither cPLA2 nor GV-sPLA2 were up-regulated. (Reviewer 2 Comment 5).

Since GX-sPLA2 mRNA levels increased in response to H1N1pdm infection, we

investigated the spatial and temporal expression of GX-sPLA2 protein in mouse lungs after

influenza infection. Lungs from GX+/+ and GX−/− mice infected with H1N1pdm were

harvested at baseline, 3, 6 and 14 days pi and subjected to immunohistochemical analysis

with anti mouse GX-sPLA2 antiserum. Visualization by light microscopy revealed GX-

sPLA2 protein accumulation in the lungs of infected mice compared to baseline (Figure 1

B). GX-sPLA2 protein was identified in inflammatory cells that had infiltrated in the

alveolar space on day 3 and 6 in GX+/+ mice infected with H1N1pdm (shown by arrows).

GX-sPLA2 protein was also clearly identified in epithelial cells lining the bronchioles on

day 3, 6 and 14 in GX+/+ mice infected with H1N1pdm (Figure 1 B, upper right panels). No

staining for GX-sPLA2 protein was observed in GX−/− mice at baseline or at any time point

after infection with H1N1pdm (Figure 1 B, lower panel rows). Similarly, no proteins cross

reacting with the secondary antibody alone was identified in GX+/+ or GX−/− mice (Figure 1

B, left hand panels). We confirmed the loss of GX-sPLA2 in the GX−/− mice by immunoblot

analysis. We indeed observed a specific depletion of GX-sPLA2 but no change in the

expression of GIIA-sPLA2 in the GX−/− mice compared to GX+/+ mice (Figure 1 C)

(Review 2 Minor Comment 4). Taken together, these results show that intranasal infection

with H1N1pdm increases GX-sPLA2 RNA and protein expression in the lung that

corresponds to the increase in lung inflammation associated with influenza infection. This

suggests a possible role for GX-sPLA2 in the pathogenesis of pulmonary H1N1pdm

influenza infection.

Depletion of GX-sPLA2 increases host survival following H1N1pdm infection

Since GX-sPLA2 was upregulated in the lung during H1N1pdm infection, we explored its

role in the host response to pulmonary infection with H1N1pdm influenza. We first

examined the clinical outcome of GX-sPLA2 deletion by assessing weight loss and survival

of G+/+ and GX-sPLA2 gene targeted mice−/− mice on two different genetic backgrounds

following infection and assessed weight loss and survival.

In the first series of infections, GX+/+ (n = 25), GX+/− (n = 32), and GX−/− (n = 24) mice on

a C57BL/6J background were infected intranasally with H1N1pdm influenza A/Mexico/

4108/2009 (Figure 2 A). Mice on this background lack the GIIA-sPLA2 gene (40). Animals

were euthanized if their body weight decreased to less than 80% of baseline weight, or if the

14-day duration of the study was completed. Survival 14 days after H1N1pdm influenza
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infection was 70% in GX−/− mice (blue line), 48% in GX+/− mice (green line) and 15% in

GX+/+ mice (red line). The difference in survival between GX−/− and GX+/− mice, and

between GX−/− and GX+/+ mice after H1N1pdm infection was statistically significant, p ≤

0.01.

To independently confirm these findings, we evaluated the survival of GX+/+ (n = 71) and

GX−/− (n = 57) mice on a C3H/HeN background (Figure 2 B) which have a functional GIIA-

sPLA2 gene (40). As with the studies with the C57BL/6J mice, animals were infected

intranasally with A/Mexico/4108/2009 and euthanized if their body weight decreased to less

than 80% of baseline weight, or at the end of the study. Survival of GX−/− mice on the

C3H/HeN background was again significantly higher (62%, blue line) following H1N1pdm

infection than survival of GX+/+ mice on a C3H/HeN background (36%, red line). Together,

these studies showed that targeted deletion of GX-sPLA2 in two different mouse models led

to increased survival following H1N1pdm infection in vivo. Furthermore, since the

C3H/HeN mice expressed endogenous GIIA-sPLA2, these results demonstrate that the

ability to express GIIA-sPLA2 does not compensate for the loss of GX-sPLA2 during host

immune responses to pulmonary H1N1pdm influenza infection.

Depletion of GX-sPLA2 during H1N1pdm infection leads to a decrease in downstream
phospholipid catalysis (AA) products but no difference in innate cell recruitment

GX+/+ and GX-sPLA2 gene targeted mice−/− on a C3H/HeN background were infected with

A/Mexico/4108/2009, and BAL fluid was harvested 3 or 6 days post H1N1pdm infection.

To assess the general inflammatory response and lung tissue destruction that typically

occurs during H1N1pdm infection (57,59), we investigated the histopathology by H&E

staining of lungs isolated from both GX−/− and GX+/+ mice at baseline, day 3, 6 and 14 pi

(Figure 3 A). The pulmonary pathology peaked quickly by day 3 pi in infected GX+/+ and

GX−/− animals. Bronchiolitis and alveolitis with mononuclear cell and neutrophil infiltration

were observed in several loci of the infected lungs of both groups. Haemorrhage, edema, and

necrotizing respiratory epithelia were also observed with similar severity among both

groups. Pathology persisted until day 7 pi where mononuclear cell and neutrophil infiltration

were still profound and caused patches of consolidation in the lung tissue in both groups. It

seemed by day 14 pi that the pulmonary pathology was slightly more minimal in the GX−/−

mice with reduced level of leukocyte infiltration. In contrast, multi foci cell infiltration and

tissue consolidation was still prominent in the GX+/+ lungs by day 14 pi (Reviewer 1
Comment 2, Reviewer 1 Comment 5 and Reviewer 2 Comment 1).

To further examine the inflammatory cell types that may be recruited to the lung during

H1N1pdm infection we analysed lung homogenates from day 0, 3, 6 and 14 pi from both

GX+/+ and GX−/− mice by immunoblot for neutrophil and leukocyte cell markers, MPO and

CD45 respectively. MPO was induced on day 3 and day 6 pi in both the mouse genotypes

and returned to baseline on day 14 and CD45 was induced from baseline for all time points

measured. Neither MPO nor CD45 showed any variation in the lungs between GX−/− or

GX+/+ throughout the infection time course (Figure 3 Bi); densitometry did not reveal any

statistical differences (Figure 3 Bii). Furthermore, we also analysed GX−/− and GX+/+ lungs

for the presence and activation of macrophages by immunohistochemistry and Real-Time
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RT-PCR (Figure 3 Ci, Cii and D). Here we found that the macrophage marker Mac-3 was

significantly increased and peaked at day 6 following infection as determined by

immunohistochemistry staining which was further confirmed by quantifying the staining and

quantification of the signal (Figure 3 Ci and Cii). Furthermore the mRNA for the

inflammatory chemokine CCL2 was also significantly increased following infection (day 3

and day 6) and decreased by day 14 (Figure 3 D). No difference was determined for Mac-3

or CCL2 expression between GX−/− or GX+/+ mice. Taken together, these results suggest a

similar inflammatory and innate response in both the GX+/+ and GX−/− mice. (Reviewer 1
Comment 2 and Reviewer 1 Comment 5 and Reviewer 2 Comment 1 and Reviewer 2
Comment 7)

To assess the role of GX-sPLA2 in leukocyte infiltration into the bronchoalveolar space after

H1N1pdm infection, we measured total leukocyte cell counts and the levels of different

leukocyte cell types in the BAL fluid of H1N1pdm infected in GX+/+ and GX−/− mice

(Figure 4 A). No significant difference in total cell counts (Figure 4 Ai) or the percentage of

CD4+, CD8+, B or natural killer cells, or granulocytes were identified in the BAL fluid of

GX+/+ and GX−/− mice 6 days after H1N1pdm infection (Figure 4 Aii). In addition, targeted

deletion of GX-sPLA2 had no effect on lung viral titers 3 or 6 days pi (Figure 4 B).

We next determined by ELISA the levels of diferent AA metabolites including PGD2,

LTB4, cysteinyl leukotrienes, PGE2, a stable PGE metabolite, and Lipoxin A4 which are

known to regulate bronchiolar reactivity and inflammatory cell adhesion, migration and

activation (33) were determined by ELISA. Levels of PGD2 (Figure 5 A), LTB4 (Figure 5

B), cysteinyl leukotrienes (Figure 5 C), PGE2 (Figure 5 D), the stable PGE metabolite

(Figure 5 E), PGE2 plus PGE metabolite (Figure 5 F) and Lipoxin A4 (Figure 5 G) were all

significantly lower in the BAL fluid from GX−/− mice (solid bars) on day 3 pi compared to

GX+/+ mice. Conversely, on day 6 pi, the levels of these metabolites were similar in GX+/+

and GX−/− mice (Figure 5 A – 5 F). In summary, these results show that deletion of GX-

sPLA2 in mice led to a transient but significant decrease in the levels of a panel of AA

metabolites when mice were infected with a lethal H1N1pdm influenza virus that was not

associated with alterations in inflammatory cell infiltration or viral clearance.

Increased expression of immunoglobulin chain, lymphocyte differentiation, antigen
processing genes and presence of CD3+ T cells in the lungs of mice lacking GX-sPLA2

after H1N1pdm infection

To increase our understanding of the molecular events leading to increased survival

following H1N1pdm infection in GX−/− mice, we conducted microarray analysis of RNA

extracted from the lungs of GX+/+ and GX−/− influenza infected animals. As previously

reported by our group (43,58,60), influenza infection caused a progressive increase in the

total number of upregulated genes in the lung tissue of GX+/+ mice (1,246 genes at 3 days pi

and 2,469 genes at 6 days pi). Genes that belonged to different functional groups, such as

immune response, inflammatory response and prostaglandin signaling pathways (Figure 6

and Figure 7) showed a progressive increase that was parallel to the global evolution of gene

expression. Conversely, the expression of cytokine-related genes reached maximal levels 3

days pi and were maintained thereafter (Figure 6 A).
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At first sight, lack of GX-sPLA2 did not modify the global evolution of gene expression in

the lungs. Similarly to GX+/+ mice, GX−/− mice showed a progressive increase in the

number of upregulated genes (1,578 at 3 days pi and 2,469 at 6 days pi). Further analysis

demonstrated that on day 3 pi, GX−/− mice showed significantly higher levels of the

cytokines LTA and LTB, the chemokines CCL19, CXCL9 and CXCL13 and the chemokine

receptors CXCR3 and CXCR5 (Figure 6 B–C). In contrast, the expression pattern of

cytokines and chemokines showed no differences between GX+/+ and GX−/− mice 6 days pi

(data not shown). Interestingly, expression of 21 immunoglobulin chains, including heavy

and light chains, was identified in GX−/− mice 3 days pi, while no expression of

immunoglobulin chain genes was identified in GX+/+ mice at this time point. In addition, the

number of immunoglobulin chain related genes was higher in GX−/− than GX+/+ mice 6

days after H1N1pdm infection (Figure 6 B). No differences were observed in the patterns of

interferon regulated genes between GX+/+ and GX−/− mice after H1N1pdm infection (data

not shown).

To determine which functional pathways are differentially enriched between GX+/+ and

GX−/− mice after H1N1pdm infection, we performed intersect analysis of the respective sets

of upregulated genes (Figure 7). At 3 days pi, expression of interferon regulated,

inflammatory response and innate immune response genes were common to both GX+/+ and

GX−/− mice. A number of genes related with eicosanoid synthesis and their receptors were

found to be regulated during influenza infection, however, GX-sPLA2 deficiency did not

cause any major alterations in their expression profiles (Figure S1) (Reviewer 2 Comment
7).

The set of genes specifically enriched in the GX−/− mice at 3 day pi were those related to

adaptive immune responses, such as immunoglobulin chains, lymphocyte differentiation and

antigen processing and presentation. On the other hand, the set of genes more enriched in the

GX+/+ mice were genes involved in the tissue development category at 3 days pi (Figure 7

A). At 6 days pi (Figure 7 B), the enrichment profiles of upregulated genes in GX+/+ and

GX−/− mice were nearly identical. While immunoglobulin chain gene expression was

identified in both GX+/+ and GX−/− mice, expression of immunoglobulin chain genes

remained elevated only in the GX−/− set of genes 6 days pi, while the GX+/+ set of genes

continued to show enrichment in the tissue development category at day 6 pi.

To further evaluate the adaptive immune system of the GX−/− mice infected with H1N1pdm

we investigated the T and B cell responses within the lung during infection. Here we stained

lung sections with anti-CD3 to assess infiltration of T cells using immunocytochemistry

(Figure 8 A and B). We found a significant increase of CD3 positive T cells in the lung on

day 3 pi in the GX−/− mice compared to GX+/+ mice (Figure 8 A, upper right panels) by

approximately 2 fold (Figure 8 B). Interestingly, CD3 staining of the GX+/+ animals had

increased to similar levels seen in the GX−/− mice by day 6 and both genotypes had

sustained levels of CD3 on day 14. Moreover, we also investigated CD8A and IgG (IGHG)

mRNA levels in the lungs of the GX−/− mice throughout the time course and there was a

slight trend for increase CD8A levels. Taken together, the results from the CD3 and IgG

analysis supported the microarray studies where the adaptive immune system of the GX−/−
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had a faster and more robust initiation (Reviewer 1 Comment 2, Reviewer 1 Comment 5,
Reviewer 1 Comment 7 and Reviewer 2 Comment 7).

Discussion

GX-sPLA2 has been highly implicated in various inflammatory diseases of the respiratory

tract, including Th2 cytokine-driven asthma (14,34) and lung injury (56), but its role during

influenza infection has not been previously investigated. Here we evaluated the

pathophysiological role of GX-sPLA2 during severe influenza A H1N1pdm infection in the

mouse. We found that GX-sPLA2 expression was increased following infection, and that

targeted deletion of GX-sPLA2 led to increased survival in mice. Lack of GX-sPLA2

resulted in decreased levels of PGD2, LTB4, cysteinyl leukotrienes, PGE2 and Lipoxin A4

and increased adaptive immune responses at 3 but not 6 days following H1N1pdm infection.

This demonstrates that GX-sPLA2 plays an important role in the production of several

biologically active inflammatory lipid mediators during the early phase of the inflammatory

response that follows H1N1pdm influenza infection. Human patients with a severe

respiratory disease caused by influenza infection have a dysregulated inflammatory response

that leads to lung pathogenesis associated with hypercytokinemia in most cases (6,13).

Taken together with the previous findings showing a role of GX-sPLA2 in inflammatory

lung diseases, our work supports the further investigation of the therapeutic potential of

attenuating GX-sPLA2 during severe influenza infection as well as the interplay between

eicosanoids and adaptive immunity.

sPLA2 has previously been implicated in pulmonary disease onset and progression putting it

forth as a potential biomarker for severe respiratory diseases (33,34). We show that GX-

sPLA2 protein and mRNA expression increased in the lungs of GX+/+ mice following

H1N1pdm infection, suggesting that GX-sPLA2 may be used as a possible biomarker of

severe influenza infection. This is the first report of increased GX-sPLA2 expression

following influenza virus infection. Both epithelial cells and leukocytes were found to be

sources of GX-sPLA2 during infection, and GX-sPLA2 expression was detected in epithelial

cells 3 days prior to the infiltration of leukocytes. In will be interesting to determine in

future experiments whether the specific deletion of GX-sPLA2 expression in epithelial cells

versus infiltrating leukocytes or both is responsible for the increased survival. Here we

observed a bimodal expression pattern of GX-sPLA2 during the 14 day time course of

infection. It is possible that this occurred due to the protein stability as it is used to regulate

bioactive lipid mediator synthesis. If the protein does not remain stable throughout the

course of infection and recovery, it may be important to have a second increase in GX-

sPLA2 in the later stages of infection to compensate for the loss of protein. It is in fact

possible that the protein exerts distinct roles in the clearance of the virus and tissue

remodeling in addition to the regulation of immune cells. Such a scenario would require

inductions at specific time points during infection. It will be important to further explore the

local expression in the virus niche and the stability of protein GX-sPLA2 during influenza

infection to better understand how GX-sPLA2 stability may influence influenza severity in

the initiation of the innate immune response, adaptive maintenance, and recovery (Reviewer
2 Comment 2). Furthermore, it would also be of value to investigate the source of GX-

sPLA2 by expression analysis of each cell type and also by investigating the role of
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hematopoietic GX-sPLA2 compared to epithelial GX-sPLA2. The latter could be studied by

employing bone marrow transplantation experiments from GX−/− mice into GX+/+ and the

reverse (Reviewer 2 Comment 8). While the association between GX-sPLA2 and influenza

related complications has not previously been investigated, LTB4, a downstream product of

GX-sPLA2 has been suggested to be a biomarker for pulmonary disease and respiratory

complications following trauma (1,35,68).

Multiple studies have implicated GX-sPLA2 in the pathophysiology of pulmonary diseases

onset and progression, suggesting GX-sPLA2 might be a suitable therapeutic target in lung

(33,51). Deletion of GX-sPLA2 in a Th2 cytokine-driven mouse asthma model significantly

impairs development of asthma (33) and accordingly, administration of a human GX-sPLA2

selective inhibitor in a human GX-sPLA2 knock-in mouse model led to a significant

reduction in airway inflammation, mucus hypersecretion and airway hyperresponsiveness

(34). Furthermore, although not specific for human GX sPLA2, the indole-based sPLA2

inhibitor varespladib has been shown to significantly inhibit sPLA2 activity in the BAL fluid

of infants with post-neonatal ARDS (14) during induced asthma, suggesting the involvement

of sPLA2 among other sPLA2s. Our results showing increased survival of the GX−/− mice

after infection with H1N1pdm further support the notion that GX-sPLA2 is a therapeutic

target in pulmonary diseases due to viral infection and that infection with H1N1 might be

better controlled by inhibiting this sPLA2.

One of the main functions of GX-sPLA2 is likely the generation of bioactive lipid mediators

which play important roles in lung inflammatory diseases (27,28,71). Although we did not

see any major differences in the mRNA analysis of the eicosanoid pathways between the

GX−/− and GX+/+ mice, measuring the mRNA levels of these genes may have limited value

to determine the level of activation of their signaling pathways. Conversely, we observed

decreased levels of PGD2, LTB4, cysteinyl leukotrienes, PGE2 and Lipoxin A4 in BAL fluid

3 day pi in the GX−/− mice, indicating that GX-sPLA2 acts upstream of these bioactive lipid

mediators during influenza infection and thereby suggests a possible role of these bioactive

mediators in pulmonary pathogenesis after influenza infection. In agreement with our

findings, PGD2 has been implicated during influenza A infection as PGD2 expression in the

lungs of older animals inhibits regulatory dendritic cells activity and T cell responses (74).

Other eicosanoids have been implicated in different lung diseases, and the dysregulation of

leukotrienes and lipoxins have been reported as contributing factors to the pathogenesis and

severity of other respiratory diseases (7). LTB4 has been suggested to play a destructive

inflammatory role in the lung by priming neutrophils for adhesion, chemotaxis and

stimulation of granule release (11). As well PGD2, PGD receptor, lipocalin-type PGD

synthase and LTB4 have been implicated in asthma pathogenesis (3,47,63). Although

asthma and pulmonary disease due to influenza infection differ in derivation, both are

characterized by hyper-inflammation of the respiratory tract. Taken together, our data

supports a role of GX-sPLA2 signaling and bioactive mediator production in the regulation

of the pulmonary response to H1N1pdm infection. In the future it would be important to

specifically determine whether PGD2, LTB4, cysteinly leukotrienes, PGE2, Lipoxin A4 or

another AA metabolite specifically modulates the response to H1N1pdm infection.
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The inflammatory response may be simultaneously beneficial and destructive during lung

infection (5,6). Although destructive killing of foreign pathogens is imperative for

eradication and microbe clearing, the over production of inflammatory mediators leading to

an overt inflammatory response may accentuate disease pathology, as is the case during

severe influenza H5N1 and H1N1 infection (6,13,37). This illustrates the dual role of

proinflammatory mediators, which has also been suggested for some GX-sPLA2

downstream lipid mediators. For instance, LTB4 has been shown to increase the activity of

nasal neutrophil killing of human coronavirus, RSV, and influenza B virus (71) and to

induce the release of antimicrobial peptides in vivo in the lungs of mice infected with viruses

(27,28). The lipid product protectin D1 has been implicated in influenza therapeutics (4,50).

Although these previous reports seem to suggest a conflicting role for GX-sPLA2 in

consideration of our data, it may be possible that LTB4 and GX-sPLA2 promote antiviral

activity and are significant during a viral response but only at moderate levels. Alternatively,

it is possible that GX-sPLA2 prevents H1N1 infection but also triggers excessive

inflammation that is associated with lipid surfactant destruction. More work is needed to

understand how the function of GX-sPLA2 mediates both beneficial and deleterious roles

during influenza infection.

Our survival data from GX gene targeted mice indicated that the loss of GX-sPLA2 was

beneficial to the host during influenza infection. The microarray mRNA data from lungs of

GX+/+ infected mice were in agreement with our previously published data on pandemic

H1N1 2009 virus infection, in mice including the progressive increase of immune and

inflammatory responses and of the prostaglandin signaling pathway (58). Together, the

results of microarray analysis, gene expression by Real-Time RT PCR and

immunocytochemistry of the lungs suggested that GX−/− mice exhibited a more robust

adaptive immune response than GX+/+ mice. Indeed, we observed significant differences in

lymphocyte gene profiles at day 3 pi, associated with differences in the levels of

lymphotoxin alpha and beta, B cell chemokines, T cell chemokine receptors and B cell

immunoglobulin chains as measured which by immunofluorescence and Real-Time RT-

PCR. Expression of B cell immunoglobulin chain genes were substantially increased on day

3 pi in the GX−/− mice but not in the GX+/+. B cell immunoglobulin gene expression was

significantly greater on day 6 pi. and the expression of the T cell, B cell and dendritic cell

chemokines and chemokine receptors, ie., CCL19, CXCR3, etc, were significantly higher in

the GX−/− samples than GX+/+. These results suggest that the downstream products of GX-

sPLA2, such as PGD2, PGE2, LTB4 may inhibit the early adaptive immune responses of T

and B cells during viral infection and this fits with the fact that aspirin, which attenuates

eicosanoid production, can be an effective therapy for patients with influenza infection (48).

It would be of value in future studies to further investigate the effect of GX-sPLA2 on the

proliferation, activation and differentiation of T and B lymphocytes (Reviewer 2 Comment
9). Consistent with this notion, the chemokines and chemokine receptors found to be

upregulated in the H1N1pdm infected GX−/− mice are known to play significant roles in T

and B cell migration and localization to the lymph nodes (30,54). CXCL13/CXCR5

signaling has been shown to activate B cells (64), which may explain the increased

immunoglobulin chain gene expression observed in GX−/− mice. Our data supports previous

findings implicating PGD2 in the inhibition of cell migration to lymph nodes (74), and PGE2

Kelvin et al. Page 14

Virology. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in the inhibition of adaptive immune cellular events such as chemokine production by DCs

and the attraction of naïve T cells (53,70).

In conclusion, our findings provide new insights into the molecular pathophysiology of

lethal influenza infection, highlighting a new role for GX sPLA2 during H1N1pdm

infection. Overall, the sPLA2 appears as a negative effector but it may act at several steps

during infection. We found that GX-sPLA2 and its downstream products may have a role in

the inhibition of adaptive immunity during viral infection in mice thereby contributing to

pathogenesis. Within this mechanism, it is in fact possible that T and B cell maturation and

activation are initiated in mice lacking GX-sPLA2 prior to virus infection, and that a more

robust and earlier adaptive immune response increased the survival of GX−/− mice after

H1N1pdm infection. Since GX-sPLA2 may contribute to inflammatory response

dysregulation during influenza infection and contribute to the morbidity and mortality

associated with hospitalized influenza patients, this work may shed important insight into

the molecular mechanisms of severe influenza infection. Our findings further support the

notion that GX sPLA2 is an interesting therapeutic target in lung inflammatory diseases.

Whether inhibition or attenuation of GX-sPLA2 activity during severe influenza infection

has a therapeutic effect remains to be demonstrated..
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Figure 1. Infection with H1N1pdm influenza stimulates the expression of GX-sPLA2 in bronchial
epithelial cells and inflammatory cells
Mice were infected with H1N1pdm (A/Mexico/4108/2009) and the lungs were assessed for

the mRNA and protein expression and localization of PLAs during a 14 day time course.

GX-sPLA2 mRNA (Ai), cPLA2 mRNA (Aii) and GV-sPLA2 mRNA (Aiii) expression

quantified by Real-Time RT-PCR was normalized to GAPDH, GX+/+ (open bars) and

GX−/− (filled bars) mice (C3H/HeN background mice). GX+/+ and GX−/− mouse lungs were

perfusion fixed in situ with 4% paraformaldehyde, sectioned and subject to
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immunohistochemical analysis with the IgG fraction of rabbit anti mouse GX-sPLA2

antiserum (1/100 dilution) (B). GIIA and GX-sPLA2 protein expression determined by

immunoblot analysis of lung tissue homogenates of wild type GX+/+ (lane 1) and knockout

GX−/− (lane 2) mice (C) (Reviewer 2 Minor Comment 4). For each blot, the corresponding

recombinant sPLA2 enzyme (rec sPLA2) was run alone (lane 3) as a control (Reviewer 1
Comment 1). Representative results for 5 separate experiments are shown. All the mice

used in these experiments were genotyped littermates and grouped and analyzed by their

genotype (Reviewer 1 Comment 3). a, p < 0.05 GX+/+ or GX−/− vs. base; b, p < 0.05 GX+/+

vs. GX−/− at any time point, ANOVA followed by paired t test, two tailed, assuming

unequal variance. n≥8 per group. 400X, Scale bar: 50 µm for immunohistochemistry.
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Figure 2. Increased survival of GX−/− vs. GX+/− or GX+/+ mice following A/Mexico/4108/2009
infection
GX+/+ (n = 25), GX+/− (n = 32), and GX−/− (n = 24) mice (C57BL/6J background, lacks

GIIA-sPLA2) were infected intranasally with A/Mexico/4108/2009 and survival was

assessed for a 14 day period (A). GX+/+ (n = 71) and GX−/− (n = 57) mice (C3H/HeN

background, expresses GIIA-sPLA2) were infected intranasally with A/Mexico/4108/2009

and survival was assessed for a 14 day period (B). Animals were sacrificed if their body

weight decreased to less than 80% of baseline weight, or if the 14-day duration of the study

was completed. Log rank test, p < 0.05 GX−/− vs. GX+/+ and GX+/− mice or p < 0.05, GX−/−
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vs. GX+/+ mice. All the mice used in these experiments were genotyped littermates and

grouped and analyzed by their genotype (Reviewer 1 Comment 3).
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Figure 3. Infection with H1N1pdm influenza induces similar pulmonary inflammation and
recruitment of inflammatory cells in GX+/+ and GX−/− mice
GX+/+ and GX−/− mice (C3H/HeN background mice) were infected with H1N1pdm (A/

Mexico/4108/2009) influenza and the lungs were perfusion fixed in situ with 4%

paraformaldehyde on specific time points following infection, sectioned and subject to

hematoxylin and eosin staining (A). MPO protein (neutrophil marker), CD45 protein

(leukocyte marker) and GAPDH protein (loading control) expression levels were determined

by immunoblot analysis from lung tissue homogenates of GX+/+ and GX−/− mice over a 14
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day time course of H1N1pdm influenza infection (Bi). Densitometric analysis of MPO (Bii)
and CD45 (Biii) protein levels normalized to GAPDH levels in lung tissue of GX+/+ (open

bars) and GX−/− (filled bars) mice after H1N1pdm influenza infection, are presented.

Immunohistochemical analysis with specific rabbit primary antibody against mouse Mac-3

antigen (marker for macrophages) is shown (Ci). Assessment of Mac-3 positive cells

(indicated by →) per high power field before, three, six or fourteen days after infection with

H1N1pdm influenza is shown (C ii). CCL2 mRNA expression normalized to GAPDH was

determined by quantitative real-time PCR in lung tissue of GX+/+ and GX−/− mice after

H1N1pdm influenza infection (D). Representative images (×200) from five independent

experiments are shown. Scale bar: 100 µm (A) or 50 µm (C). a, p < 0.05 GX+/+ or GX−/− vs.

base; b, p < 0.05 GX+/+ vs. GX−/− at any time point, ANOVA followed by paired t test, two

tailed, assuming unequal variance. n≥8 per group.
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Figure 4. Lung viral titers and cell counts in BAL fluid show similar cell numbers and cell
population distributions following infection in GX+/+ and GX−/− mice
GX−/− and GX+/+ mice infected with A/Mexico/4108/2009 were investigated for lung cell

numbers, populations and viral load. BAL fluid was harvested from infected GX+/+ (open

bars) and GX−/− (filled bars) mice (C3H/HeN background mice) on day 0 and 6 and the cell

numbers (Ai) and cell population distributions (Aii) were assessed by FACS. Viral load was

determined on day 0, 3 and 6 pi of GX+/+ (open bars) and GX−/− (filled bars) mice by Real-

Time RT-PCR vRNA quantification (B). All the mice used in these experiments were

genotyped littermates and grouped and analyzed by their genotype (Reviewer 1 Comment
3). a, p < 0.05 GX+/+ vs. base, ANOVA followed by paired t test, two tailed, assuming

unequal variance. n ≥7 per group.
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Figure 5. Decreased eicosanoid levels in the BAL fluid 3 but not 6 days after infection with A/
Mexico/4108/2009 in GX−/− vs. GX+/+ mice
The eicosanoid levels in the BAL fluid of GX−/− and GX+/+ mice (C3H/HeN background)

were investigated at baseline and following infection with A/Mexico/4108/2009. GX+/+

(open bars) and GX−/− (filled bars) mice (C3H/HeN background mice) BAL fluid was

harvested by instilling ice cold NaCl (1 ml) 5 times and pooled. Levels of PGD2 MOX (A),

LTB4 (B), cysteinyl leukotrienes (C), PGE2 (D), stable PGE metabolite (E), PGE2 plus PGE

metabolite (F) and Lipoxin A4 (G) were assessed by ELISA. These results are the mean of 5
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independent studies (Reviewer 1 Comment 4). All the mice used in these experiments were

genotyped littermates and grouped and analyzed by their genotype (Reviewer 1 Comment
3). GX+/+ (open bars) and GX−/− (filled bars). Results are expressed in pg/mL. a, p < 0.05

GX+/+ or GX−/− vs. base; b, p < 0.05 GX+/+ vs. GX−/− at any time point, ANOVA followed

by paired t test, two tailed, assuming unequal variance. n ≥7 per group.
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Figure 6. Effect of GX-sPLA2 deficiency in the mRNA expression levels of cytokines, chemokines
and their receptors and immunoglobulin chains in the lung tissue of mice during influenza
infection
GX+/+ and GX−/− mice (C3H/HeN background mice) were infected with influenza A/

Mexico/4108/2009 and the gene expression profiles were analyzed in the lung tissue at day

0, 3, and 6 days after infection by microarray analysis (n=4 per group). Evolution of gene

enrichment (Fisher’s exact test) of the KEGG category “cytokine-cytokine receptor

interaction” (A). Differences in the expression levels of cytokines (B) and chemokines (C)

and their receptors at 3 days pi. The heatmaps show the genes that are significantly

upregulated with respect to the control group and the blue boxes indicate that the expression

levels of those genes are significantly higher in the GX−/− than in the wild type mice at the

same time-point. Evolution in the expression levels of immunoglobulin genes: total number

of regulated genes (D) and overview of different experimental groups and time-points (E).

All the mice used in these experiments were genotyped littermates and grouped and

analyzed by their genotype (Reviewer 1 Comment 3 and Reviewer 2 Comment 7).
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Figure 7. Intersect analysis of the genes up-regulated in the lung tissue of GX−/− and GX+/+ mice
during influenza infection and functional classification of the resulting gene subsets
Venn diagrams are representative of the total number of genes that are significantly up-

regulated with respected to the uninfected mice. David Annotation tool was used to classify

the genes of each subset, and the fold enrichment is shown for each category. All the mice

used in these experiments were genotyped littermates and grouped and analyzed by their

genotype (Reviewer 1 Comment 3 and Reviewer 2 Comment 7).* The “Immunoglobulin

chains” category was manually curated and contains 84 genes. ** The “interferon responses

category
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Figure 8. GX-sPLA2 deficiency increases T cell recruitment and immunoglobulin heavy chain
mRNA expression in the lung tissue of mice during influenza infection
Day 0 and 3 pi with H1N1pdm (A/Mexico/4108/2009) influenza the lungs from GX+/+ and

GX−/− mice (C3H/HeN background mice) were perfusion fixed in situ with 4%

paraformaldehyde, sectioned and subject to immunofluorescence analysis with specific

rabbit primary antibody against mouse CD3 antigen (marker for T-cell) (Ai). Representative

images (at ×400 with 3.4 zoom factor) from five independent experiments are shown.

Assessment of CD3 positive cells per high power field for day 0, 3, 6 and 14 days following

infection with H1N1pdm influenza is shown (Aii). IgG (B) and CD8A (C) mRNA

expression normalized to GAPDH were determined by quantitative real-time PCR in lung

tissue of GX+/+ and GX−/− mice after H1N1pdm influenza infection. Scale bar: 10 µm. a, p

< 0.05 GX+/+ or GX−/− vs. base; b, p < 0.05 GX+/+ vs. GX−/− at any time point, ANOVA

followed by paired t test, two tailed, assuming unequal variance. n≥8 per group. All the mice

used in these experiments were genotyped littermates and grouped and analyzed by their

genotype (Reviewer 1 Comment 3).
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