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Influenza A virus (IAV) infection causes severe pulmonary disease characterized by intense 
leukocyte infiltration. Phosphoinositide-3 kinases (PI3Ks) are central signaling enzymes, 
involved in cell growth, survival, and migration. Class IB PI3K or phosphatidyl inositol 
3 kinase-gamma (PI3Kγ), mainly expressed by leukocytes, is involved in cell migration 
during inflammation. Here, we investigated the contribution of PI3Kγ for the inflammatory 
and antiviral responses to IAV. PI3Kγ knockout (KO) mice were highly susceptible to 
lethality following infection with influenza A/WSN/33 H1N1. In the early time points of 
infection, infiltration of neutrophils was higher than WT mice whereas type-I and type-III 
IFN expression and p38 activation were reduced in PI3Kγ KO mice resulting in higher viral 
loads when compared with WT mice. Blockade of p38 in WT macrophages infected with 
IAV reduced levels of interferon-stimulated gene 15 protein to those induced in PI3Kγ 
KO macrophages, suggesting that p38 is downstream of antiviral responses mediated 
by PI3Kγ. PI3Kγ KO-derived fibroblasts or macrophages showed reduced type-I IFN 
transcription and altered pro-inflammatory cytokines suggesting a cell autonomous 
imbalance between inflammatory and antiviral responses. Seven days after IAV infection, 
there were reduced infiltration of natural killer cells and CD8+ T lymphocytes, increased 
concentration of inflammatory cytokines in bronchoalveolar fluid, reduced numbers of 
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inTrODUcTiOn

Influenza A and B viruses are among the most common causes of 
acute respiratory viral diseases and account for 3–5 million cases 
of severe infection and 290,000–650,000 deaths worldwide every 
year (1). Influenza A and B are negative sense, eight-segmented 
single-stranded RNA virus belonging to the Orthomyxoviridae 
family (2).

The disease caused by highly pathogenic influenza A virus 
(IAV) strains is often related to an intense or uncontrolled inflam-
matory response that causes serious lung damage and severe 
clinical manifestations (3–5). The immune response against 
the virus is first mediated by type-I and type-III IFNs, mainly  
produced by epithelial cells, which are the primary target of IAV 
infection, and by dendritic cells (6). Natural killer (NK) cells, 
macrophages, and neutrophils are the first cell types actively 
recruited by the action of cytokines and chemokines to the lungs 
and airways in response to the virus infection (7). Later, specific 
CD8+ T cells arrive at the site of infection and actively kill infected 
cells (8). Whereas the activation and recruitment of leukocytes is 
important to control infection, excessive activation of neutrophils 
and macrophages, might be harmful to the host (9, 10). Different 
genetic polymorphisms on host factors genes of recognition, sign-
aling or activating molecules have been investigated to explain 
the diversity of immune responses to influenza infection and how  
this might affect disease outcome (11–15).

The signaling of many inflammatory mediators like chemo-
kines, complement fragments, and phospholipids is mediated by 
its binding to a G-protein-coupled receptor (GPCR) specific for 
each ligand (16). The binding to GPCRs triggers diverse intracel-
lular signaling events, including activation of the phosphatidyl 
inositol 3 kinase-gamma (PI3Kγ), followed by AKT activation 
and downstream pathways that promote cell survival, migra-
tion, and proliferation (17). PI3Kγ, the only member of class IB 
phosphoinositide-3 kinase (PI3K), is expressed by neutrophils, 
eosinophils, macrophages, T  cells and mast cells, endothelial 
cells, fibroblasts, and cardiomyocytes (18). The other PI3K 
isoforms (class IA PI3K), PI3Kα, PI3Kβ, and PI3Kδ are activated 
by tyrosine-kinase coupled receptors (19). PI3Kβ can also be 

activated directly by GPCR activation (20). It has already been 
reported that the protein NS1 of IAV can activate class IA PI3Ks, 
which contribute to viral particles entrance into host cells (21) 
and cell survival (22). PI3K activation during IAV infection is 
dependent on TLR3 activation and causes enhanced expression 
of the antiviral cytokine IFN-β and the chemokines CXCL8 
and CCL5 (23), which might be related to the recruitment of 
leukocytes to the site of infection. Recently, the involvement of 
PI3Kγ in regulating the resident dendritic cell priming of CD8+ 
T  cells during influenza A infection which causes enhanced 
suscepti bility of PI3Kγ knockout (KO) to influenza infection was 
described (24).

Due to the importance of PI3Kγ for the recruitment and 
survival of macrophages and neutrophils, which might cause 
lung damage when excessively activated during IAV infection, 
we aimed to investigate the role of PI3Kγ in the innate immunity 
and inflammatory responses during IAV infection. Here we 
describe, for the first time, that PI3Kγ is essential for the innate 
immune responses against IAV and resolution of inflammation 
triggered by the infection. Altogether, PI3Kγ plays a crucial role 
in driving type-I and type-III IFN production and recruitment of 
NK and CD8+ T cells, therefore controlling viral titers in lungs of 
infected mice. Importantly, we showed also for the first time that 
the single-nucleotide polymorphisms (SNPs) rs17847825 and 
rs2230460 located in PIK3CG gene are associated with disease 
protection in influenza A(H1N1)pdm09-infected patients.

MaTerials anD MeThODs

Mice
C57BL/6J male mice, 8- to 10-week old, from the Central Animal 
Facilities of Universidade Federal de Minas Gerais (CEBIO-
UFMG), PI3Kγ KO mice from the Immunopharmacology Lab 
(Universidade Federal de Minas Gerais/Brazil) and mice with a 
targeted mutation causing loss of kinase activity of PI3Kγ, here 
called PI3Kγ KD/KD from Centro de Criação de Camundongos 
Especiais (FMRP/USP, Brazil), were kept under pathogen free 
conditions with food and water ad libitum.

resolving macrophages, and IL-10 levels in PI3Kγ KO. This imbalanced environment 
in PI3Kγ KO-infected mice culminated in enhanced lung neutrophil infiltration, reactive 
oxygen species release, and lung damage that together with the increased viral loads, 
contributed to higher mortality in PI3Kγ KO mice compared with WT mice. In humans, we 
tested the genetic association of disease severity in influenza A/H1N1pdm09-infected 
patients with three potentially functional PIK3CG single-nucleotide polymorphisms 
(SNPs), rs1129293, rs17847825, and rs2230460. We observed that SNPs rs17847825 
and rs2230460 (A and T alleles, respectively) were significantly associated with protec-
tion from severe disease using the recessive model in patients infected with influenza 
A(H1N1)pdm09. Altogether, our results suggest that PI3Kγ is crucial in balancing antiviral 
and inflammatory responses to IAV infection.

Keywords: neutrophils, cD8+ T  cells, natural killer cells, type-i iFn, p38, disease severity, single-nucleotide 
polymorphism
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Virus strain, cell line, and Plaque assay
Influenza A/H1N1/WSN/33 (herein called WSN) was propa-
gated in Madin–Darby Canine Kidney (MDCK) cells (25, 26). 
Quantification of influenza virus stocks, particles in lungs, fibro-
blasts, or bone marrow-derived macrophages (BMDM) superna-
tants was performed using the plaque assay under MDCK cell 
monolayer, as previously described (25).

Mice infections and samples harvesting
WT, PI3Kγ KO, and PI3Kγ KD/KD mice received 25 µl of 104 
plaque-forming units (PFU) of WSN virus or sterile phosphate-
buffered saline (PBS) via intranasal route under light anesthesia. 
For survival experiments, body weight and lethality were assessed 
daily until 21 days after infection. Evaluation of cellular infiltra-
tion, cytokine production, viral load, or histology analysis was 
performed after 3, 5, and 7 days of IAV infection. To this aim, 
mice were killed with an overdose of ketamine/xylazine (180 and 
20 mg/kg, via intraperitoneal injection); bronchoalveolar lavage 
(BAL) was harvested by inserting and recovering for three times 
two aliquots of 1 mL of PBS (25), and the lungs were perfused 
with PBS to remove circulating blood. Left lobe was collected 
for histology, upper right lobe for viral quantification, medium 
right lobe for Western blot (WB) and real-time PCR, and two 
lower right lobes were harvested for myeloperoxidase (MPO) and 
cytokines measurements. Specific leukocyte populations in lungs 
and airways and activation of lung leukocytes were evaluated 
7 days after infection by flow cytometry and chemoluminescence 
assays, respectively.

Differentiation of Fibroblasts and BMDM, 
In Vitro Treatment, and infection
Lung-derived fibroblasts were obtained from WT and PI3Kγ KO 
mice. Lungs were excised and cut into 1 mm pieces and cultured 
with Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) 
in 6-well plates. Past 10  days, tissue pieces were removed, and 
cells were cultured for another 10  days. Then, fibroblasts were 
trypsinized and plated in a density of 1 × 104 cells/well on 48-well 
plates and infected after 48 h with WSN using a multiplicity of 
infection (MOI) of 3.0 in DMEM with 10% FBS. After adsorp-
tion, cells were washed with DMEM to remove unbound virus. 
Cells were cultured for 24  h and were frozen for gene expres-
sion analysis by real-time PCR. Supernatants were collected 
for virus titer and cytokines measurements. Macrophages were 
derived from WT and PI3Kγ KO mice bone marrow. Cells were 
cultured in 6-well plates in DMEM containing 10% FBS and 
20% L929 cell-conditioned medium as a source of macrophage 
colony-stimulating factor, at 37°C in a 5% CO2 atmosphere. On 
the seventh day, when the cells were completely differentiated 
into macrophages, they were trypsinized and seeded on 24-well 
plates (5 × 105 cells/well). After overnight incubation, cells were 
infected with WSN virus as previously described for fibroblasts 
infection. In a first experiment, after 1  h of WSN infection, 
washed cells were frozen completely dry to perform WB analysis. 
In separate plates, supernatants were collected 24 h after infection 
for virus titer and cytokine quantifications and cells were frozen 

for gene expression analysis by real-time PCR. In another set of 
experiments WT BMDM were pre-treated with 5 µM of the p38 
inhibitor SB 203580 (Sigma-Aldrich, St. Louis, MO, USA) diluted 
in dimethyl sulfoxide 0.036% in DMEM or vehicle (WT and 
PI3Kγ KO cells) for 1 h, then cells were mock infected or infected 
with WSN (MOI of 3.0) in the presence or absence of SB 203580. 
After 6 h, cells were frozen for further interferon-stimulated gene 
15 (ISG15) protein production analyses by WB.

assessment of lung MPO levels
Lung tissue (50  µg) was homogenized in protease inhibitors 
cocktail and further used in ELISA and MPO assay, as previously 
described (27).

elisa
Supernatant of bronchoalveolar lavage fluid (BALF), lung homo-
genates, and BMDM supernatants were used to assess the con-
centration of cytokines IL-6, IL-10, TNF-α, and chemokine 
CXCL1 levels by ELISA assay, according to the manufacturer’s 
instructions (R&D Systems, Minneapolis, MN, USA).

Flow cytometry analysis
At day 7 after IAV infection, BAL was performed and the recov-
ered cells were used for antibody staining for FACS analysis after 
erythrocyte isotonic lyses. Lung leukocytes were extracted after 
digestion of tissue with 200  U/mL of collagenase (Sigma) and 
50 U/ml of DNase I (Sigma). Cells were stained for the following 
surface markers: B220 (FITC, clone RA3-6B2, dilution 1:20), 
CD3 (PeCy7, clone 17A2, dilution 1:50), CD4 (APC Cy 7, clone 
GK1.5, dilution 1:100), CD8 (PercP: 53-6.7 1:100), CD11b (FITC 
or PECy5, clones M1/70, dilution 1:100), CD19 (Alexa647, clone 
6D5, dilution 1:200), CD45 (PECy5, clone 30-F11, dilution 1:200), 
F4/80 (PeCy7, clone BM8, dilution 1:100), Gr1 (APC or FITC, 
clones RB68C5, dilution 1:100), and NK1.1 (PE, clone PK136, 
dilution 1:200). Stained cells were acquired by the cytometer 
FACSCantoII and analyzed using the FlowJo software (TreeStar, 
Ashland, OR, USA). Gating strategies for lymphocytes (1), NK 
and B cells (2), macrophages and neutrophils in BALF (3), and 
macrophages and neutrophils in lungs (4) are presented in Figure 
S1 in Supplementary Material.

chemiluminescence assay
Lung leukocytes were plated at density of 1 × 106 cells (WT- and 
KO-infected mice and WT Mock) and 0.6 × 106 (KO Mock) in 
an NUNC FluorNunc MaxiSorp Surface 96-well plate (NUNC, 
Rochester, NY, USA) with Luminol (0.05 mM, Sigma) with 1 × 107 
particles of Zymosan A (Sigma-Aldrich) or medium. Zymosan 
induced luminescence was measured in a luminometer (Packard, 
Waltham, MA, USA) for 120 min, and the results were expressed 
as relative luminescence units compared with controls without 
Zymosan. Area under the curve was measured and compared 
among the groups.

WB analysis
Cell extracts were obtained from lung homogenates or BMDM 
(three to five per infected groups, one to two for mock groups), 
and 40  µg of whole extract was electrophoresed in 10 or 15% 
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polyacrylamide gel electrophoresis for detection of ISG15, 
phospho-AKT, phospho-p38, phospho-STAT-1, and β-actin as 
previously described (28). Levels of proteins were normalized to 
the levels of β-actin in the same sample and quantified by densi-
tometry using the ImageJ software (NIH, Bethesda, MD, USA).

histology analysis
Left lobes of lungs from Mock or IAV-infected mice were fixed in 
formalin, dehydrated in ethanol and then embedded in paraffin to 
be further cut in 4 µm sections for hematoxylin and eosin (H&E) 
staining. Each sample was examined in different sections by a 
pathologist without previous knowledge about the experimental 
groups. A score system of 23 points was performed, as previously 
described (29) to evaluate airway, vascular, parenchymal inflamma-
tion, epithelial injury, and polymorphonuclear (PMN) infiltration.

real-Time Pcr
Total RNA was extracted from lung tissue (50–100  mg) using 
Trizol/chloroform protocol as described by the manufacturer 
and from BMDM and fibroblasts using RNeasy mini kit (Qiagen, 
Hilden, Germany). Preparation of cDNA was performed using 
SuperScript™ III Reverse Transcriptase kit (Invitrogen, Life 
technologies, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. Real-time PCR was performed using Power 
SYBRGreen PCR Master Mix 2X (Applied Biosystems, Foster 
City, CA, USA) on a Step One PCR System (Applied Biosystems, 
Foster City, CA, USA). Relative expression of ifn-β, ifn-α4, 
and ifn-λ2/3 was determined by 2−ΔCt (30), compared with the 
constitutive genes glyceraldehyde 3-phosphate dehydrogenase 
for in  vitro experiments or Ribosomal protein L4 for in  vivo 
experiments. The choice of the reference genes was made after a 
qPCR amplification of representative samples (n = 2–3 for each 
experimental group) with four reference gene primer sets. The 
results were analyzed using the web-based comprehensive tool 
(RefFinder), to compare and select the best reference gene for the 
experimental models/conditions based on the lowest value of the 
algorithms that indicates the most stable gene for each condition.

statistical analysis From In Vitro and 
In Vivo Mice studies
Analysis and graphs were performed in GraphPad Prism 4.0. Data 
are presented as the mean ± SD. Data were tested for normality 
using the Bartlett’s test for equal variances. As the data were nor-
mally distributed, the comparison among more than two groups 
was made by one-way ANOVA, followed by Newman–Keuls 
post-test to compare all groups. Two groups were compared 
by unpaired t-test; survival curves were compared by Log-
rank test. Area under the curve was measured for each sample  
and total values analyzed using one-way ANOVA, followed by 
Newman–Keuls. Results were considered significantly different 
when p < 0.05.

genetic association study
Selection of Human Samples
The Laboratory of Respiratory Viruses and Measles as the National 
Influenza Center from WHO and from the Brazilian Influenza 

Surveillance System receives nasopharyngeal swabs samples or 
post mortem specimens from influenza suspect cases. Influenza 
A(H1N1)pdm09 positive samples were classified according to the 
clinical symptoms as influenza-like illness (ILI, n = 120), severe 
acute respiratory infection (SARI, n = 137), or deceased (n = 92). 
The inclusion criterion for ILI was the presence of fever and/or 
cough; exclusion criteria were: being a deceased patient, patient 
in intensive care unit, or in hospital admission, or presenting one 
of following symptoms: respiratory distress, O2 saturation lower 
than 95%, pneumonia. For SARI patients, the inclusion criteria 
were fever and/or cough and dyspnea or patients with respiratory 
distress with O2 saturation lower than 95%.

Selection of SNPs on PIK3CG
From the 85 potentially functional SNPs (located in the coding 
region) on the PIK3CG gene, we selected all variants that are avail-
able in the EPIGEN-Brazil Project database (31) that had minor 
allele frequency (MAF) between 8 and 25% in three Brazilian 
cohorts. This criterion was used to guarantee statistical poten-
tial in genetic association analyzes. Three SNPs were selected 
(rs1129293, rs17847825, and rs2230460), and the information 
regarding them are detailed in Table 1.

SNP Genotyping and Analysis
DNA was extracted from clinical samples using the PureLink™ 
Genomic DNA Mini Kit (Invitrogen, USA) according to the man-
ufacturer’s instructions. The SNPs were genotyped using made 
to order TaqMan SNP Genotyping Assays (Invitrogen, USA): 
C__16179129_10, C__25472003_20, and C__34035502_10. 
Epidemiological variables (total number and frequency) of 
the recruited patients were stratified between the three clinical 
groups: ILI, SARI and deceased. The comparison between each 
group was performed with Kruskal–Wallis or chi-square tests 
when appropriate. Unconditional logistic regression was used to 
determine if the genotyped polymorphisms had an influence over 
the outcome. In a first round of analysis, there was no covariate 
inclusion in the regression model. Later non-genetic covariates 
were added to the model: sex, age (0–18, 19–65, and >65 years), 
both considered as categorical variables. The codominant, domi-
nant and recessive models were tested comparing: ILI with each 
of the severe disease forms (a) versus SARI or (b) versus deceased 
and (c) versus the combination of SARI and deceased patients. 
Finally, to determine if the SNPs were involved with progression 
toward fatal outcome, (d) SARI group was compared against 
deceased group. We performed descriptive and genetic analysis 
using R environment version 3.1.3 with the packages epiDisplay, 
genetics and SNPassoc. Statistical significance was considered 
with p-values < 0.05.

resUlTs

Pi3Kγ KO and KD/KD Mice succumb to 
influenza a infection
Initially we evaluated if the absence of PI3Kγ could affect mice 
survival to the mouse-adapted virus influenza A/WSN/33 H1N1 
(WSN) infection. Thus, we infected WT and PI3Kγ KO mice with 
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104 PFU of WSN. In WT mice, infection caused 28.5% of lethality 
(Figure 1A). In contrast, all PI3Kγ KO mice died up to day 10 
after infection (Figure 1A). To investigate if the kinase activity 
of PI3Kγ is important to the observed phenotype, mice carrying 
a targeted mutation on the kinase domain of PI3Kγ, here called 
as PI3Kγ KD/KD, were infected with WSN. In a similar way to 
KO mice, all PI3Kγ KD/KD mice died after 11 days of infection 
whereas 75% of WT mice survived (Figure 1B).

iaV induces higher neutrophilic infiltration 
in Pi3Kγ KO compared With WT Mice  
in the First Days of infection
To investigate the causes of the increased susceptibility of PI3Kγ 
KO mice to IAV infection, we evaluated cellular infiltration into 
airways and lungs at 3 and 5 days after infection. Total leukocyte, 
macrophages, neutrophils and lymphocytes recruitment was 
assessed in BALF (Figure 2A). Total leukocytes were increased 
in airways of WT mice and similarly in PI3Kγ KO mice at the  
analyzed time points after infection. Neutrophils were recruited 
into the airways of WT and PI3Kγ KO mice early during infection, 
peaking at day 3 and reducing thereafter. Remarkably, recruit-
ment of neutrophils into the airways of PI3Kγ KO mice was more 
intense than in WT mice at day 3 after infection. The influx of 
macrophages was elevated throughout the observed period. In 
comparison with WT mice, the recruitment of macrophages was 
reduced at day 3 after infection in PI3Kγ KO mice. Lymphocytes 
were found in increased numbers after IAV infection in WT but 
not PI3Kγ KO mice as early as 5 days post infection. By measuring 
the levels of the enzyme MPO, we found a significant accumula-
tion of neutrophils in lung parenchyma of WT mice at day 5 after 
infection (Figure 2B), whereas in PI3Kγ deficient mice, levels of 
MPO were already augmented at day 3 after infection and were 
higher than those found in WT mice throughout the course of 
infection (Figure 2B).

impaired early antiviral response in the 
absence of Pi3Kγ
It has been demonstrated that influenza RNA stimulates PI3K 
activation and consequent AKT phosphorylation that are impor-
tant to innate responses and cell survival (33). Accordingly, we 
observed strong AKT phosphorylation in lungs from both WT- 
and PI3Kγ KO-infected mice at day 5 after infection (Figure 3A), 
suggesting that the virus preferentially activates the other PI3K 
isoforms during infection, which then induces AKT activation. 
Despite of the increased neutrophilic infiltration (Figure  2), 
and similar AKT phosphorylation (Figure  3A), PI3Kγ KO 
IAV-infected mice displayed impaired innate antiviral response. 
Remarkably, although the expression of ifn-α4, ifn-β, and ifn-λ 
has been found increased in lungs of WT and PI3Kγ KO mice 
(Figure 3B), the expression of ifn-α4 and ifn-λ (Figure 3B) was 
lower in PI3Kγ KO mice, when compared with WT-infected mice. 
Therefore, in the absence of PI3Kγ there are decreased induction 
of type-I and type-III interferons, which in turn might impair the 
antiviral response of PI3Kγ KO mice.

The activation of IFNAR, by IFN-α or IFN-β, and IFNLR1 by 
IFN-λ results in downstream signaling that involves JAK/STAT 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 1 | Lethality after influenza A virus infection in WT, phosphatidyl inositol 3 kinase-gamma (PI3Kγ) knockout (KO), and PI3Kγ KD/KD mice. (a) Lethality of WT 
and PI3Kγ KO mice intranasally infected with 104 plaque-forming units (PFU) of WSN; result is representative of two independent experiments with seven to eight 
mice per group (Log-rank test; ***p < 0.001). (B) Lethality of WT and PI3Kγ KD/KD mice intranasally infected with 104 PFU of WSN; result is representative of two 
independent experiments with four to eight mice per group (Log-rank test; **p < 0.01).
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cascade to induce antiviral effects (34). STAT-1 was strongly 
activated following IAV infection at day 5 in WT mice but not in 
PI3Kγ KO mice (Figure 3C, upper blot). Moreover, we found that 
p38 phosphorylation, which, together with PI3K, is pivotal for 
STAT-1 activation (35), was enhanced at day 5 after IAV infection 
in WT mice, but not in PI3Kγ KO mice, with a difference between 
infected groups (Figure  3C, lower). Accordingly to reduced 
type-I and type-III IFN production and reduced p38 activation 
in PI3Kγ KO mice, the viral loads in lungs were higher in KO 
mice at the beginning of infection when compared with WT mice 
(Figure 3D). Therefore, PI3Kγ seems to be important for innate 
antiviral responses against IAV infection.

Pi3Kγ activation on BMDM leads to isg15 
Production During iaV infection in a  
p38-Dependent Way
To elucidate the interplay between PI3Kγ and p38 as an antiviral 
mechanism, we performed in  vitro infection of BMDM with 
WSN virus from WT and PI3Kγ KO mice. Similar to the in vivo 
infection (Figure 3C), IAV infection induced p38 phosphoryla-
tion in WT but not in PI3Kγ KO BMDM (Figure 4A). Therefore, 
we investigated the effect of p38 activation on the antiviral protein 
ISG15. Using the same BMDM in vitro system, WT-infected cells 

were treated with the p38 inhibitor SB203580 or treated with drug 
vehicle before and during WSN infection. In parallel PI3Kγ KO 
cells were infected and harvested 8 h after infection to evaluate 
the downstream antiviral molecule ISG15. Protein levels of  
ISG15 were induced during IAV infection in WT cells and were 
reduced in PI3Kγ KO cells and WT  cells treated with the p38 
inhibitor (Figure  4B). Thus, our results showed that p38 and 
PI3Kγ activation regulates the production of the antiviral protein 
ISG15 during IAV.

imbalanced inflammatory and antiviral 
responses to iaV infection in the absence 
of Pi3Kγ are not cell-Type Dependent
With the aim of elucidating whether mechanisms involved in 
regulation of antiviral response by PI3Kγ were cell dependent, 
we performed in  vitro infection of lung-derived fibroblasts 
and BMDM with WSN virus. WT fibroblast infection induced 
expression of ifn-α4 (Figure 5A) 24 h after infection, but PI3Kγ 
KO fibroblasts did not. In addition, no induction in TNF-α was 
detected in WT and PI3Kγ KO fibroblasts, while CXCL1 was 
induced by the infection in KO cells, although in lower levels 
(Figure 5B). No differences in viral loads were detected in WT 
and PI3Kγ KO fibroblasts at 24 h after IAV infection (Figure 5C). 
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FigUre 2 | Early leukocyte recruitment to the airways and neutrophil recruitment to the lungs during influenza A virus infection are more pronounced in phosphatidyl 
inositol 3 kinase-gamma (PI3Kγ) knockout (KO) mice. WT and PI3Kγ KO mice were infected with WSN or phosphate-buffered saline (Mock control) and killed at 
days 3 and 5 after infection (n = 4–8 mice per group and time point). (a) Bronchoalveolar lavage was performed to assess recruitment of total leukocytes  
(red columns), macrophages (orange columns), neutrophils (yellow columns), and lymphocytes (blue columns) to the airways in cytospin stained slides.  
(B) Recruitment of neutrophils to the lungs was assessed by myeloperoxidase assay. Cell numbers are presented as mean ± SD. *p < 0.05, **p < 0.01,  
and ***p < 0.001, comparing to Mock or indicated groups and #p < 0.05, ##p < 0.01, and ###p < 0.001, when compared with WT control in the same time  
point (one-way ANOVA, Newman–Keuls).
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Similarly to fibroblasts, IAV infection of BMDM induced ifn-α4 
and ifn-β expression in WT but not in PI3Kγ KO cells (Figure 5D). 
Contrastingly, BMDM produced high levels of TNF-α upon 
WSN infection. Moreover, this induction was higher in KO 
cells. Finally, CXCL1 was induced only in KO BMDM after IAV 
infection (Figure  5E). Interestingly, despite the reduced type-I 
IFN induction, similar viral levels were found in WT and PI3Kγ 
KO BMDM (Figure  5F). Altogether, these results show that 
the absence of PI3Kγ negatively affects type-I IFN response in 
either resident cells (fibroblasts) or leukocytes (BMDM), but the 
production of inflammatory mediators is differently regulated in 
either cell type. However, direct control of viral replication is not 
affected by PI3Kγ in a cell autonomous manner in the evaluated 
cell populations. Thus, increased viral replication in the lungs of 
KO-infected mice might be dependent on a combination of both 
cell autonomous and cell–cell communication defects that result 
in a distinct inflammatory milieu.

impaired late antiviral response in the 
absence of Pi3Kγ
During IAV infection, NK cells and T lymphocytes are important 
effector cells for the clearance of the virus (8). Therefore, we ana-
lyzed the populations of lymphocytes and NK cells in airways of 
WT and PI3Kγ KO mice in a late phase (7 days) of infection, when 
adaptive responses were already established. We found higher 

numbers of CD8+ T cells in WT mice than in PI3Kγ KO mice 
(Figure 6A), whereas the number of CD4+ T cells was similar in 
WT and PI3Kγ KO-infected mice (Figure 6B). In addition, the 
number of NK (Figure 6C) and NKT cells (Figure 6D) was greater 
after IAV infection in WT mice. In PI3Kγ KO mice, NK cells were 
found in lower numbers after infection than in WT-infected mice 
(Figure 6C) but NKT cells were at similar numbers to WT mice 
(Figure 6D). No differences in B cell population (CD19+B220+) 
were found between Mock and infected mice (data not shown). 
Finally, higher viral loads were found in lungs of PI3Kγ 
KO-infected mice at day 7 (Figure 6E), strongly suggesting that 
reduction in the recruitment of CD8+ T cells and NK cells, two 
important cell populations for viral clearance, might impair this 
process in lungs of PI3Kγ KO mice, as compared with WT mice. 
Taken together, the results show that PI3Kγ plays an important 
role in both innate and adaptive antiviral response against IAV.

altered Pro-resolving Profile of airway 
leukocytes of Pi3Kγ KO Mice
Besides antiviral adaptive immunity, we also evaluated the 
involvement of PI3Kγ on late stages of the inflammatory 
responses triggered by IAV infection. After 7 days of infection, 
when PI3Kγ KO mice usually start to die, the number of neutro-
phils (F4/80−Gr1+CD11b+) was equally increased in the airways 
of WT and PI3Kγ KO mice (Figure 7A). On the other hand, the 
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FigUre 3 | Reduced type-I and type-III IFN and p38 activation in phosphatidyl inositol 3 kinase-gamma (PI3Kγ) knockout (KO) mice infected with influenza A virus 
are related to higher viral loads in early time points. WT and PI3Kγ KO mice were instilled with phosphate-buffered saline or 104 plaque-forming units (PFU) of 
influenza WSN and euthanized at day 3 or 5 after infection (representative of two experiments showing n = 4–5 mice per group). Phosphorylation of (a) AKT in lung 
extracts from WT and KO mice at 3 and 5 days after infection. (B) Lung mRNA levels of ifn-α4, ifn-β, and ifn-λ by real-time qPCR. (c) STAT-1 (upper) and p38 
phosphorylation (middle) at day 5 after infection on the same membrane; β-actin was a loading control (lower); densitometry analysis was performed, comparing 
signals of analyzed protein versus loading control (right). (D) Viral loads in lungs were assessed by plaque assay in Madin–Darby Canine Kidney cells at day 3 after 
infection. Results are presented as mean ± SD. ***p < 0.001, when compared with each Mock group; ##p < 0.01 and ###p < 0.001, comparing PI3Kγ KO to 
WT-infected mice [(B) one-way ANOVA, Newman–Keuls; (D) t-test].
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recruitment of macrophages (F4/80+ cells) into airways induced 
by IAV infection was reduced in PI3Kγ KO mice compared with 
WT (data not shown). We further analyzed the profile of this 
macrophage population based on three macrophages popula-
tions: M1-like (F4/80lowGr1+CD11bmed), M2-like (F4/80highGr1−

CD11bhigh), and Mres (F4/80medCD11blow) (36–39). Thus, among 
the three populations, Mres (Figure  7B), but not M1 or M2  
(data not shown) was found increased in BALF of WT mice but 
not in PI3Kγ deficient mice at day 7 after IAV infection. It is 
noteworthy that Mres are involved in resolution of inflammation 
and tissue repair (40). Therefore, their lower numbers in airways 

of PI3Kγ KO mice may hence contribute to a more intense and 
harmful lung inflammation.

Evaluation of pro-inflammatory and anti-inflammatory cyto-
kines locally produced and recovered from BALF 7  days after 
infection showed that the pro-inflammatory cytokine TNF-α and 
the chemokine CXCL1, important for neutrophil recruitment, 
were increased in WT and PI3Kγ KO mice, albeit in higher levels 
in PI3Kγ KO mice (Figures 7C,D). In contrast, IL-6 levels were 
equally increased at day 7 after infection in WT and PI3Kγ KO 
mice (Figure  7E). Thus, in the lack of PI3Kγ signaling in KO 
mice, the response to CXCL1 gradient in the airways would lead 
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FigUre 4 | Phosphatidyl inositol 3 kinase-gamma (PI3Kγ) activation on bone marrow-derived macrophages (BMDM) leads to interferon-stimulated gene 15 (ISG15) 
production during influenza A virus infection in a p38-dependent way. BMDM from WT and PI3Kγ knockout (KO) were infected with influenza WSN [multiplicity of 
infection (MOI): 3.0]. (a) One hour after infection, BMBM protein extracts were analyzed for p38 phosphorylation; β-actin was a loading control. (B) WT BMDM were 
pretreated with the p38 inhibitor SB203580 or vehicle and KO BMDM were treated with vehicle then infected with WSN (MOI: 3.0). ISG15 protein expression was 
assessed at 6 h after infection; β-actin was a loading control. Results are presented as mean ± SD. **p < 0.01, when comparing WT-infected cells treated or not 
with SB203580; ##p < 0.01, comparing PI3Kγ KO to WT infected BMDM (one-way ANOVA, Newman–Keuls).

FigUre 5 | Altered antiviral responses in the absence of phosphatidyl inositol 3 kinase-gamma (PI3Kγ) in leukocytes and resident cells. Lung-derived fibroblasts 
from WT and PI3Kγ knockout (KO) infected with influenza WSN [multiplicity of infection (MOI): 3.0] were evaluated after 24 h. mRNA levels of (a) ifn-α4, assessed  
by real-time PCR. In cell supernatants, (B) TNF-α and CXCL1 levels by ELISA and (c) viral titer in by plaque assay in Madin–Darby Canine Kidney cells. Bone 
marrow-derived macrophages (BMDM) from WT and PI3Kγ KO were infected with influenza WSN (MOI: 3.0). 24 h after infection, (D) ifn-α4 and ifn-β expression,  
(e) TNF-α and CXCL1 levels, and (F) viral titer were assessed as for fibroblasts. Results are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, 
when compared with each Mock group; #p < 0.05, ##p < 0.01, and ###p < 0.001, comparing PI3Kγ KO to WT-infected cells (one-way ANOVA, Newman–Keuls).
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FigUre 6 | Late lymphocyte infiltration and viral control in lungs of WT and phosphatidyl inositol 3 kinase-gamma (PI3Kγ) knockout (KO) after influenza A virus 
infection. WT and PI3Kγ KO mice were inoculated with 104 plaque-forming units (PFU) of influenza WSN or phosphate-buffered saline and killed after 7 days 
(representative of two experiments showing n = 4–7 mice per group). Number of (a) CD8+ T cells (CD3+CD8+), (B) CD4+ T cells (CD3+CD4+), (c) natural killer (NK) 
cells (CD3−NK1.1+), and (D) NKT cells (CD3+NK1.1+) were evaluated in bronchoalveolar lavage fluid (BALF) by flow cytometry. (e) Viral levels in lungs, assessed by 
plaque assay in Madin–Darby Canine Kidney cells. Results are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, when compared with Mock 
groups; #p < 0.05 and ###p < 0.001, comparing KO to WT-infected mice [(a–D) one-way ANOVA, Newman–Keuls; (e) t-test].
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to similar recruitment of neutrophils into the airways (Figure 7A) 
in WT and KO mice, as previously shown (41). On the other side 
of inflammatory balance, the cytokine IL-10, known to be anti-
inflammatory, was increased at this later time after IAV infection 
in lungs of WT, but not in PI3Kγ KO mice (Figure  7F). The 
lower IL-10 levels could be a consequence of the reduction in the 
number of pro-resolving macrophages and the poor prognosis of 
PI3Kγ KO mice (Figure 7B).

increased neutrophil accumulation, 
activation, and lung Damage in  
Pi3Kγ KO Mice
To better understand the reasons by which PI3Kγ KO mice were 
more susceptible to influenza-induced lethality, leukocytes were 
extracted from the lungs of Mock and IAV-infected WT and PI3Kγ 
KO mice 7 days after infection to analyze granulocyte popula-
tions and their activation. FACS analysis of CD45+ cells recovered 
from lungs showed that macrophage (F4/80+) recruitment to the 
lungs was not increased during IAV infection after 7 days in WT 
but it was increased in PI3Kγ KO mice (Figure 8A). Likewise, 
a remarkable increase of neutrophil numbers (Gr1+F4/80−) was 
observed at day 7 after infection in the lungs of PI3Kγ KO mice 
compared with WT (Figure 8B).

Activation of neutrophils and macrophages results in the release 
of reactive oxygen species (ROS), an important mechanism to kill 
intracellular pathogens, such as bacteria and protozoa, but that 

may also cause tissue damage under inflammatory conditions 
(42). To assess ROS production, we performed a chemilumines-
cence assay in lung leukocytes using the TLR2/6 ligand zymosan 
as a stimulus. The production of ROS was increased in leukocytes 
isolated from lungs of infected WT mice and the peak of detection 
was five times higher, when compared with the Mock WT mice 
(Figure  8C). In leukocytes extracted from PI3Kγ KO-infected 
mice, we detected an ROS peak 20 times higher compared with 
Mock KO mice. Comparing ROS production at day 7 after IAV 
infection, PI3Kγ KO cells produced higher amounts of ROS than 
WT cells (Figure 8C). The increased ROS production was most 
likely released by neutrophils rather than macrophages, because 
the number (Figure  8A) and percentage of Gr1+F4/80− cells 
among CD45+ cells was increased in PI3Kγ KO-infected mice 
(WT 33 ± 5%; KO 46 ± 9%) and was also higher than F4/80+ cells.

To assess the impairment of pulmonary structures 7 days after 
IAV infection in WT and PI3Kγ KO mice, we evaluated H&E 
stained lung tissue slides for airway, vascular and parenchyma 
inflammation, PMN infiltration and epithelial injury. WT 
(Figures  8D,E) and PI3Kg KO (Figures  8H,I) mock mice did 
not present significant inflammatory changes in lung slides. 
IAV infection resulted in epithelial injury and infiltration of 
leukocytes, mainly neutrophils, especially close to the vessels 
in WT mice (Figures 8F,G). These inflammatory changes were 
more pronounced in PI3Kγ KO-infected mice, which also 
presented inflammation in the airways and more intense paren-
chymal inflammation, resulting in a significantly higher overall 
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FigUre 7 | Unbalanced inflammatory pro-resolving responses in phosphatidyl inositol 3 kinase-gamma (PI3Kγ) knockout (KO) infected with influenza A virus.  
WT and PI3Kγ KO mice were instilled with phosphate-buffered saline or WSN virus and euthanized at 7 days after infection (representative of two experiments 
showing n = 4–7 mice per group). FACS analysis in airways leukocytes showed (a) numbers of neutrophils (F4/80−Gr1+CD11b+) and (B) resolving macrophages 
(F4/80medCD11blow). Levels of (c) TNF-α, (D) CXCL1, and (e) IL-6 in bronchoalveolar lavage fluid (BALF) and from (F) IL-10 in the lungs were assessed by ELISA. 
Results are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, when compared with each Mock group; #p < 0.05, ##p < 0.01, and ###p < 0.001, 
comparing PI3Kγ KO- to WT-infected mice (one-way ANOVA, Newman–Keuls).
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histopathological score than WT-infected mice (Figures  8J,K). 
Although vascular inflammation and epithelial damage 
were similar in both infected groups (Figure  8L), the overall  
score was higher in PI3Kγ KO mice. Taking together, an early 
impairment of antiviral response, a subsequent decreased infiltra-
tion of CD8+ lymphocytes, NK cells, and resolving macrophages, 
concurrent with enhanced neutrophilic infiltration culminates 
with higher viral loads and increased ROS production that 
contributes to more pronounced histopathological injuries found 
in lungs of PI3Kγ KO mice, which might explain the increased 

lethality rates found in the KO group compared with WT mice 
upon IAV infection.

genetic Polymorphisms in PIK3CG are 
associated With Disease Outcome in 
influenza-infected Patients
The evaluation of three PIK3CG SNPs (rs1129293, rs17847825, 
and rs2230460) was carried out in influenza A(H1N1)pdm09-
infected patients, who were further stratified according to their 
clinical manifestations or outcomes as ILI, SARI, and deceased. 
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FigUre 8 | Neutrophil recruitment and activation and lung damage during influenza A virus infection are affected by phosphatidyl inositol 3 kinase-gamma  
(PI3Kγ). WT and PI3Kγ knockout (KO) mice infected with 104 plaque-forming units (PFU) of WSN or receiving phosphate-buffered saline (Mock) were killed at day 7 
after infection (n = 4–7 mice per group). (a) Macrophage (CD45+F4/80+) and (B) neutrophils (CD45+F4/80−GR1+) numbers in lungs assessed by flow cytometry.  
(c) Reactive oxygen species assessed in lung leukocytes in presence of luminol with or without zymosan for 120 min. Relative luminescence units mean the value 
with zymosan minus the respective value without zymosan. Areas under the curve were compared using mean ± SEM and one-way ANOVA, Newman–Keuls test 
(D–K). Representative slides of hematoxylin and eosin stained lung sections from WT (D,e) and PI3Kγ KO mock (h,i), WT (F,g), and PI3Kγ KO-infected mice  
(J,K) are shown in 100× [(D,h,F,J), bars = 200 μm] and 400× [(e,i,g,K), bars = 50 μm] magnification. “p” Indicates lung parenchyma, “v” vessels, and “a” airways; 
asterisks foci of inflammatory infiltrates; and arrowheads areas of epithelial injury. (l) Histopathological score (total 23 points) assessed airway, vascular, parenchymal 
inflammation, neutrophilic infiltration, and epithelial injury. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with each Mock 
group; ##p < 0.01 and ###p < 0.001, compared with WT-infected mice (one-way ANOVA, Newman–Keuls).
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A descriptive analysis of the available epidemiological data of  
the recruited patients is shown in Table 2. There were significant 
differences of mean age, gender, influenza vaccination, oseltami-
vir treatment and comorbidities (pneumopathy, cardiopathy, 
immunodepression, hypertension, hepatopathy, neurologic 
disorders, nephropathy, diabetes, cancer, obesity, and smoking) 
among groups. It is important to highlight that the information 
regarding oseltamivir treatment, influenza vaccination, and the 
presence of comorbidities was not always available in the patients’ 
records.

Genotyping results indicated a call rate efficiency higher 
than 95% for the three tested SNPs. Using a regression model 
including sex and age as categorical variables (Table  3), we 
found a significant association results for rs17847825 AA 
genotype [odds ratio (OR) = 0.1, p = 0.03] under codominant 
and also recessive model (OR = 0.1, p = 0.007) when compar-
ing ILI versus the combination of SARI and Deceased. The 
rs2230460 TT genotype also had a borderline association in 
the codominant (OR  =  0.1, p  =  0.07) and recessive genetic 
models (OR = 0.1, p = 0.02). No significant associations were 
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TaBle 2 | Descriptive data of clinical characteristics of H1N1-infected patients enrolled in the study of genetic association of PIK3CG polymorphisms.

Variablea ili, N = 121 sari,  N = 137 Deceased, N = 92 p-Value

Age, mean ± SD, years 29.7 ± 19.4 40.7 ± 23.5 41.3 ± 20.1 Kruskal–Wallis <0.001
Sex, male (%) 71 (58.7) 60 (43.8) 52 (56.5) Chisq. 0.037
Major comorbidity (%) 12 (34.3) 58 (62.4) 16 (59.3) Chisq. 0.016
Onset-to-presentation, mean ± SD, days 3 ± 3.3 4 ± 3.6 6 ± 4.2 Kruskal–Wallis <0.001
Hospitalization (%) 0 (0) 131 (97.8) 52 (96.3) Fisher 0.028
Oseltamivir treatment (%) 20 (45.5) 81 (80.2) 27 (51.9) Chisq. <0.001
Flu vaccine (%) 9 (12.5) 29 (27.6) 3 (10.3) Fisher 0.03

ILI, influenza-like illness; SARI, severe acute respiratory infection.
aClinical variable of H1N1-infected patients.

TaBle 3 | Analysis of SNPs located in PIK3CG.

ili, N = 121 sari, N = 137 Deceased, N = 92 ili versus sari ili versus deceased ili versus 
sari + deceased

sari versus deceased

Ora [95% ci] p-Value Ora [95% ci] p-Value Ora [95% ci] p-Value Ora [95% ci] p-Value

rs1129293 c>T
Codominant

CC 64 (0.53) 71 (0.52) 39 (0.42) Reference
CT 48 (0.40) 55 (0.40) 47 (0.51) 1.0 [0.6–1.7] 0.74 1.7 [0.9–3.0] 0.22 1.2 [0.8–1.9] 0.64 1.6 [0.9–2.8] 0.22
TT 8 (0.07) 11 (0.08) 6 (0.07) 1.5 [0.5–4.1] 1.2 [0.4–3.8] 1.4 [0.5–3.5] 1.0 [0.3–2.8]

Dominant
CT–TT 56 (0.47) 66 (0.48) 53 (0.58) 1.1 [0.6–1.8] 0.81 1.6 [0.9–2.8] 0.10 1.2 [0.8–1.9] 0.37 1.5 [0.9–2.5] 0.15

Recessive
CC–CT 112 (0.93) 126 (0.92) 86 (0.94) Reference
TT 8 (0.07) 11 (0.08) 6 (0.06) 1.5 [0.5–4.0] 0.45 0.9 [0.3–2.8] 0.9 1.3 [0.5–3.1] 0.61 0.8 [0.3–2.2] 0.60

rs17847825 a>c
Codominant

CC 97 (0.80) 117 (0.85) 75 (0.82) Reference
CA 18 (0.15) 19 (0.14) 17 (0.19) 0.8 [0.4–1.7] 0.16 1.12 [0.5–2.4] 0.05  0.9 [0.5–1.8] 0.03 1.4 [0.7–2.8] 0.48
AA 6 (0.05) 1 (0.01) 0 (0.0) 0.1 [0.1–1.3] NA 0.1 [0.1–0.8] NA

Dominant
CA–AA 24 (0.20) 20 (0.15) 17 (0.18) 0.7 [0.3–1.3] 0.22 0.9 [0.4–1.8] 0.69  0.7 [0.4–1.3] 0.31 1.3 [0.6–2.7] 0.46

Recessive
CC–AC 115 (0.95) 136 (0.99) 92 (1.0) Reference
AA 6 (0.05) 1 (0.01) 0 (0.0) 0.2 [0.1–1.4] 0.05 NA 0.1 [0.1–0.8] 0.007 NA

rs2230460 c>T
Codominant

CC 98 (0.82) 117 (0.85) 75 (0.82) Reference
CT 17 (0.14) 19 (0.14) 17 (0.18) 0.9 [0.4–1.8] 0.21 1.2 [0.6–2.6] 0.09 1.0 [0.5–1.9] 0.07 1.4 [0.7–2.8] 0.48
TT 5 (0.04) 1 (0.01) 0 (0.0) 0.2 [0.1–1.7] NA 0.1 [0.1–1.0] NA

Dominant
CT–TT 22 (0.18) 20 (0.15) 17 (0.18) 0.7 [0.4–1.5] 0.38 1.0 [0.5–2.0] 0.94  0.8 [0.4–1.5] 0.52 1.3 [0.6–2.7] 0.46

Recessive
CC–CT 115 (0.96) 136 (0.99) 92 (1.00) Reference
TT 5 (0.04) 1 (0.01) 0 (0.0) 0.2 [0.1–1.7] 0.09 NA 0.1 [0.1–1.0] 0.02 NA

aMeasure of association between clinical outcomes.
Significant associations are highlighted in bold.
Logistic regression results comparing between different clinical forms of influenza patients.
OR values shown are corrected for sex and age as non-genetic covariates.
Results are shown as n (frequency).
CI, confidence interval; ILI, influenza-like illness; SARI, severe acute respiratory infection; OR, odds ratio; SNP; single-nucleotide polymorphism.
Total genotype counts can vary due to different genotypic call rates.
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detected for the rs1129293 C>T SNP. These results suggest 
that both rs17847825 and rs2230460 polymorphisms in PI3Kγ 
could be playing protective roles in the context of infection and 
decreasing the likelihood of progression toward the more severe 
manifestations of the disease.

DiscUssiOn

Although PI3Kγ has been associated with exacerbated inflamma-
tory responses in several models of inflammation, we demonstrated 
here that during IAV infection PI3Kγ plays a regulatory role. Our 
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major findings were that the absence of PI3Kγ during IAV infec-
tion led to increased lethality and early neutrophil recruitment, in 
parallel to reduced early innate cell-independent p38-dependent 
antiviral response. Later, NK and CD8+ T  lymphocytes also 
presented impaired recruitment leading to higher viral loads. 
Besides, increased production of pro-inflammatory mediators 
and reduction of resolving macrophages and IL-10 contributed to 
increased ROS production and lung damage that culminated with 
death of PI3Kγ KO mice. We also demonstrated the importance 
of PI3Kγ during influenza infection in a genetic association study 
showing that the SNPs rs17847825 and rs2230460 are protection 
factors of influenza clinical progression toward severe disease 
manifestations. Therefore, this is the first study that finds a genetic 
association of PI3Kγ variants and influenza severity. Furthermore, 
we showed for the first time the importance of PI3Kγ for the early 
antiviral response against IAV via p38 activation and for creating 
an anti-inflammatory/pro-resolving environment that protects 
from influenza-induced lung pathology.

Many studies about the role of PI3Kγ in inflammatory-driven 
diseases, have shown the potential of this enzyme as a promising 
therapeutic target (18). PI3Kγ KO mice were found to be more 
resistant to many types of experimental inflammatory diseases 
including pulmonary fibrosis (28), graft-versus-host disease (43), 
LPS-induced acute lung injury (ALI) (44), among others. On the 
other hand, absence or blockade of PI3Kγ worsened outcome in 
bacterial disease. For instance, after Staphylococcus aureus (45) or 
Streptococcus pneumoniae (46) infection in PI3Kγ KO mice there 
were less leukocyte recruitment and higher bacterial burden. The 
role of PI3Kγ in the context of viral infections has been studied in 
Kaposi’s sarcoma-associated herpes virus-induced tumors, where 
PI3Kγ is required for the viral oncogene signaling (47). During 
influenza A infection, the acute inflammatory response driven by 
the virus albeit detrimental to the host, contributes to trigger the 
adaptive immune response, which controls the infection. PI3Kγ 
has been shown to be important for the priming of CD8+ T cells 
by resident dendritic cell during influenza A infection and this 
regulation is important to virus control and resistance against 
infection induced lethality (24). In agreement with this study, 
we found an important role of PI3Kγ in regulating recruitment 
of CD8+ T to the lungs and to the control of the virus. We also 
showed that PI3Kγ is also important to regulate multiple mecha-
nisms of innate immune responses, establishment and resolution 
of inflammation upon influenza infection.

The importance of PI3Kγ on early type-I and type-III IFN 
expres sion during influenza infection was associated with incre ased  
viral titers in PI3Kγ KO mice. BMDM and fibroblasts, that also 
express PI3Kγ (48), infected with the same influenza A strain also 
presented reduced type-I IFN expression in the absence of PI3Kγ, 
regardless of similar viral titers in the evaluated time points. It 
has already been described that when IAV enters the host cell, 
class IA PI3K is activated and stimulates IFN-β production (21) 
and that this activation is mediated by the viral RNA itself, not 
by the binding of the NS1 protein to PI3K (33). The study from 
Hrincius et al. (33) used a pan-inhibitor of PI3K (LY294002) to 
demonstrate that vRNA activates PI3K signaling causing IFN-
β production. Therefore, a specific role of PI3Kγ could not be 
properly evaluated in that system. However, most of the studies 

regarding PI3K activation by IAV so far are in vitro (21–23, 33, 
49, 50).

Absence of type-I IFN signaling during IAV infection increased 
lethality rates, viral loads, inflammation and lung damage in mice 
(51). IAV-infected type-I IFN receptor KO mice produced large 
amounts of CXCL1/KC and neutrophilia in addition to lung  
damage/lethality during IAV infection (51). This study is in accor-
dance to our findings that in the absence of PI3Kγ with an early 
reduction of IAV-induced type-I and type-III IFN, there is increased 
production of pro-inflammatory cytokines and accumulation of 
activated neutrophils in the lungs that might contribute to lung  
damage and enhanced lethality.

It has been shown that PI3Ks and p38 MAPK may be neces-
sary for the activation of STAT-1 and further ISG induction (35). 
We showed here that PI3Kγ was important for type-I and type-III 
IFN production, but via p38 activation, controlling ISG15 protein 
levels leading to an impaired antiviral activity responsible for 
innate viral clearance. Indeed, the use of p38 inhibitors during 
highly pathogenic IAV H5N1 infections lead to reduced type-I 
and type-III IFN, ISGs, and inflammatory cytokines expression 
(52, 53) that protects mice against lethality (53).

Phosphatidyl inositol 3 kinase/AKT activation is described to 
be important for signaling after binding of IFNs to their recep-
tors and generation of antiviral activity (54). On the other hand, 
PI3Kα-β/AKT is also used by the IAV to promote cell survival and 
viral replication (22). A study demonstrated that, in cells from 
chronic obstructive pulmonary disease patients, PI3Kα levels 
are increased after influenza infection and its specific inhibition 
reduces AKT activation and viral infection by enhancing antiviral 
response (55). We showed that p-AKT levels were similar in WT 
and PI3Kγ KO mice after infection. Thus, a competition in the 
use of AKT by IFNAR activation and the virus itself might take 
part in the context of IAV infection (54). Therefore, we can infer 
that in the absence of PI3Kγ during influenza A infection, the 
production of type-I and type-III IFN is reduced and then, by 
hyperactivating PI3Kα, the virus uses the great availability of 
AKT for replication and on the other hand the reduced antiviral 
response will favor increased viral loads.

Besides this new role of PI3Kγ on innate antiviral immunity 
that we demonstrated in the present work, it is well known that 
PI3Kγ is involved in the recruitment and survival of leukocytes 
(45, 56). We found important differences in recruitment and 
activation of diverse leukocytes populations to distinct lung com-
partments and in leukocyte survival in PI3Kγ KO mice infected 
with IAV. There was an early increase in neutrophil transmigration 
to the airways and a late enhanced accumulation of these cells that 
are also highly activated in the lung parenchyma; on the other 
hand, the recruitment of macrophages, especially macrophages 
with resolving phenotype was reduced in the latest evaluated time 
point. PI3Kγ or PI3Kδ are important for neutrophil recruitment 
and are differently regulated upon distinct stimuli (41), thus 
IAV might induce neutrophil migration mainly via PI3Kδ but 
not PI3Kγ. Alternatively, one of the enzymes can account for the 
activity of the other, as effective reduction of recruitment is only 
achieved when both enzymes are inhibited or absent (41).

We also demonstrated that, in the absence of PI3Kγ, lymphocyte 
infiltration was reduced from day 5 after infection, with greatly 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


15

Garcia et al. PI3Kγ Is Protective During Influenza Infection

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 975

reduced number of CD8+ T cells and NK cells at day 7. The infection 
with IAV leads to an early NK cell recruitment and late increase 
in the number of specific T  cells against infected cells (57, 58).  
The reduction on priming of specific CD8+ T cells by dendritic 
cells on PI3Kγ KD/KD mice during IAV infection has been 
demonstrated (24). Besides DC mediated CD8+ T cell priming,  
other mechanisms might be involved in the reduced number 
CD8+ T  cells in lungs of PI3Kγ-infected mice. One additional 
mechanism might be the multiple chemotactic signals gener-
ated in the lungs and airways cells after IAV infection that guide 
lymphocyte movement from draining lymph nodes to the site of 
infection (59). It has been demonstrated that during IAV infection, 
the migration of neutrophils into the airways leaves behind a trail 
containing the chemokine CXCL12 that guides the recruitment 
of CD8+ T cells toward the site of infection (60). We showed that 
neutrophil recruitment to the airways is similar or even increased 
in PI3Kγ absence, which would function as an important source of 
chemotactic stimuli for lymphocyte migration. For all these chem-
otactic signals, PI3Kγ might be a relevant downstream signaling 
module (61). Furthermore, PI3Kγ has already been demonstrated 
to promote lymphocyte migration toward chemokine stimuli, 
proliferation and differentiation (16, 61, 62). Thus, without proper 
antiviral NK and T cell responses, influenza virus could proliferate 
more in the absence of PI3Kγ and contribute to lethal infection.

Besides of leukocyte recruitment PI3Kγ might also be impor-
tant to control leukocyte survival and resolution of inflamma-
tion in the context of IAV-induced inflammation as seen by the 
reduced number of resolving macrophages and lower IL-10 levels 
on KO mice. Resolving macrophages are generated from M2 
macrophages after intensive efferocytosis and they are important 
sources of TGF-β and are more able to emigrate to lymphoid 
organs (36). Keeping with that, this unbalanced inflammatory 
response in PI3Kγ KO mice during IAV infection with the pre-
dominance of pro-inflammatory signals—cytokines, neutrophil 
infiltration and activation—and reduced anti-inflammatory/
pro-resolving signals—Mres and IL-10—may account to the 
increased lung injury in PI3Kγ KO mice.

The enhanced lethality of PI3Kγ KO mice is a combination of 
a fail on viral control and an enhanced inflammation and lung 
damage, mainly caused by increased neutrophilic infiltration and 
ROS production in lungs. Production of ROS by leukocytes during 
influenza infection is known to contribute to the ALI in the most 
severe cases (63). Reducing ROS production using mutant mice 
for different components of the NADPH oxidase complex like 
ncf1 (63) or Nox2 oxidase (64) results in better outcome following 
infection with different strains of IAV. Here we describe that leu-
kocytes from PI3Kγ KO mice infected with WSN produced more 
ROS when stimulated with zymosan. Nevertheless, it has been 
already described that PI3Kγ is important for ROS generation 
under GPCR stimulation, including that by the bacterial com-
ponent N-formylmethionyl-leucyl-phenylalanine (fMLP) (65). 
However, zymosan does not trigger GPCR and GPCR-triggered 
respiratory burst is not totally dependent on PI3Kγ (16). A deeper 
evaluation of the generation of ROS by neutrophils induced by 
fMLP demonstrates that ROS production is enhanced by the 
presence of cytokines such as TNF-α in later time points (66) 
and a more complex mechanism involving the class IA PI3Ks,  

especially PI3Kβ (67) or by direct activation of NADPH oxidase 
by GPCR-induced Src family kinases (68). Other stimuli that do 
not activate GPCRs can also activate cells to produce ROS, includ-
ing TLR agonists, such as zymosan (69), the cytokines TNF-α 
and GMCSF (70) or the virus itself (71). Thus, the increased 
inflammatory environment found in PI3Kγ KO mice after IAV 
infection, including more TNF-α and more virus loads might 
contribute to ROS generation and the increased lung damage 
found in these mice with consequent higher death rates.

Severe human influenza cases are associated with delayed 
peri pheral immune activation and prolonged inflammation, 
compared with mild influenza cases (72). We observed this pro-
longed inflammation in PI3Kγ KO mice leading to tissue injury. 
Therefore, we aimed to correlate the important functional role of 
PI3Kγ during influenza A infection demonstrated in the murine 
model to a genetic association study. In this study, we used clinical 
samples from A(H1N1)pdm09-infected patients presenting with 
mild (ILI) or severe (SARI) manifestations and also from deceased 
patients to genotype three PIK3CG SNPs. The PIK3CG gene pre-
sents 85 SNPs on exons according to the 1000 Genomes project 
(32). Among them, 48 lead to amino acid changes or missense 
substitutions. However, AF of most of these SNPs is extremely 
low (<1%), requiring large sample size to detect a true genetic 
effect. We assessed PIK3CG SNPs MAF on a big database of SNPs 
from three distinct Brazilian cohorts (EPIGEN-Brazil Project) 
(31) and then selected three SNPs—rs1129293, rs17847825, and 
rs2230460—that presented MAF of 24, 8.6, and 8.8% according to 
EPIGEN-Brazil database. From the three SNPs, only rs17847825 
leads to a predicted missense substitution (S/Y) with possible 
deleterious effect (Table  1). We found a protective association 
against severity progression for rs17847825 and rs2230460 SNPs 
but not rs1129293. The rs17847825 locates on the C2 domain 
of the PI3Kγ protein, which has a role on cellular membrane 
binding (73). However, it is not possible to say how this change 
from serine to tyrosine would impact positively or negatively on 
protein function. Interestingly, although rs2230460 represents a 
synonymous SNP, it does not exclude its role as a possible tag 
polymorphism that could be signaling that the protection asso-
ciation found here is led by another causal SNP that is in linkage 
disequilibrium with rs2230460.

Other SNPs on PIK3CG or close to the gene have been studied in 
genetic association studies. rs17398575, rs17477177, and rs342286 
are located near PIK3CG and were associated with cardiovascular 
diseases risk (74–76). The PIK3CG SNP rs342286 was associ-
ated with epinephrine-induced aggregation (77) and the SNPs 
rs4288294 and rs116697954 associate with higher HDL2 choles-
terol plasma levels and rs1129293, also evaluated in our study, was 
associated with lower HDL levels (78). Genetic association studies 
have been extensively used to search host factors that predispose 
to severe outcomes during influenza infection [reviewed in Ref. 
(79, 80)]. Here we showed for the first time a genetic association of 
PIK3CG SNPs on influenza protection. Further studies in distinct 
populations might be necessary to replicate our findings and to 
better elucidate the role of these mutations on protein function.

This work suggests that targeting PI3Kγ may not be useful 
to treat respiratory diseases caused by IAV, due to an increase 
of disease severity and decreased ability to control infection. 
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Mechanistically, PI3Kγ is required for early type-I IFN pro-
duction and ISG15 production via p38 activation, and for the 
migration of immune cells (NK and CD8+ T  cells) necessary 
for viral replication control. On the other hand, PI3Kγ controls 
neutrophilic infiltrations and the resolution of inflammation. To 
sum up, PI3Kγ orchestrates, by distinct mechanisms, the antiviral 
immunity and inflammatory magnitude in response to IAV and 
might be an important marker of disease severity.
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