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Abstract

Alveolar type II epithelial cells (ATIIs) are one of the primary targets for influenza A pneumonia.

The lack of a culture system for maintaining differentiated ATIIs hinders our understanding of

pulmonary innate immunity during viral infection. We studied influenza A virus (IAV)-induced

innate immune responses in differentiated primary human ATIIs and alveolar macrophages

(AMs). Our results indicate that ATIIs, but not AMs, support productive IAV infection. Viral

infection elicited strong inflammatory chemokine and cytokine responses in ATIIs, including

secretion of IL-8, IL-6, MCP-1, RANTES, and MIP-1β, but not TNF-α, whereas AMs secreted

TNF-α as well as other cytokines in response to infection. Wild-type virus A/PR/8/34 induced a

greater cytokine response than reassortant PR/8 virus, A/Phil/82, despite similar levels of

replication. IAV infection increased mRNA expression of IFN genes IFN-β, IL-29 (IFN-λ1), and

IL-28A (IFN-λ2). The major IFN protein secreted by type II cells was IL-29 and ATIIs appear to

be a major resource for production of IL-29. Administration of IL-29 and IFN-β before infection

significantly reduced the release of infectious viral particles and CXC and CC chemokines. IL-29

treatment of type II cells induced mRNA expression of antiviral genes MX1, OAS, and ISG56 but

not IFN-β. IL-29 induced a dose-dependent decrease of viral nucleoprotein and an increase of

antiviral genes but not IFN-β. These results suggest that IL-29 exerts IFN-β-independent

protection in type II cells through direct activation of antiviral genes during IAV infection.

Influenza A virus (IAV)3 is a common pathogen that can cause severe viral pneumonia with

alveolar inflammation and an infiltration of neutrophils and mononuclear cells (1). The main

antigenic determinants of influenza A viruses are the hemagglutinin (H or HA) and

neuraminidase (N) transmembrane glycoproteins. Based on the antigenicity of these

glycoproteins, influenza A viruses are further subdivided into 16 H (H1–H16) and 9 N (N1–
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N9) subtypes. H1N1 and H3N2 subtypes are the main isolates currently circulating in the

human population. The original H1N1 strain or Spanish flu caused a worldwide pandemic,

with an estimated 20–50 million deaths (2, 3). This virus has recently been reconstituted by

reverse genetics and shown to be extremely virulent (2). Avian influenza is a recent,

emerging infection that has a mortality rate of ~50% (4). In comparison to human H1N1

viruses, high pathogenic strains of avian influenza virus, H5N1, can produce severe viral

pneumonia and a strong proinflammatory response or cytokine storm (5, 6). Although

influenza can produce devastating pneumonia, studies on primary human alveolar epithelial

cells are limited.

The alveolar epithelium lines the gas exchange portion of the lung and is the main target for

influenza A pneumonia. The alveolar epithelium is composed of two main cell types: type I

and type II cells. Alveolar type II cells (ATIIs) synthesize and secrete pulmonary surfactant,

secrete chemokines and cytokines, and participate in the innate immune response of the lung

(7). Recent studies have shown that avian flu receptor α2,3-linked sialic acid is

predominantly expressed by ATIIs (8–12). Hence, the response of differentiated ATIIs to

influenza A infection is very important for understanding the pathogenesis of viral

pneumonia. We have developed a culture system for maintaining differentiated ATIIs that is

suitable for studying viral infections (13, 14).

Type I IFNs and the recently discovered type III IFNs (15, 16), are well known for their

antiviral activities. In humans, the type I IFN family consists of 14 IFN-α genes, single IFN-

β, IFN-ω, limitin, and IFN-κ genes (17, 18). These genes are all localized to chromosome 9

and use the same receptor, the IFN-αβR (19). The type III IFNs (IFN-λ) identified in 2003

include IL-29 (IFN-λ1), IL-28A (IFN-λ2), and IL-28B (IFN-λ3), are located on

chromosome 19, and bind to a different receptor (IFN-λR) (15, 16, 20). The type III IFN

receptor IFN-λR is made up of two subunits: IFNLR1 and IL-10R2 (21). IFNLR1 is IFN-λ

specific and under stringent expression regulation; it is not detected in fibroblasts or

endothelial cells (15). The other unit, IL-10R2, is ubiquitously expressed and shared with

IL-10, IL-22, and IL-26. Type I and type III IFNs have similar functions and are induced by

a number of viral infections including IAV, encephalomyocarditis virus, and vesicular

stomatitis virus (16, 22, 23). Although these two types of IFNs use different receptors (IFN-

αβR and IFN-λR), their initial signaling is through JAK1 and STAT1 and both have

significant antiviral activity (24).

The purpose of this study is to explore the innate immune response elicited by differentiated

human ATIIs infected with well-characterized influenza viruses. We investigated the

inflammatory response and IFN production in ATIIs and alveolar macrophages (AMs)

infected by a H1N1 wild-type virus (A/PR/8/34) and a H3N2 reassortant PR/8 virus (A/Phil/

82). To our knowledge, this is the first report to investigate influenza infection in

differentiated ATIIs and AMs from the same donor and should help us to better understand

the alveolar response to IAV infection.
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Materials and Methods

Donor information

We obtained human lungs from deidentified organ donors whose lungs were not suitable for

transplantation but donated for medical research. In general, we selected donors with

reasonable lung function with a PaO2: FIO2 ratio of >250, a clean clinical history and chest

radiograph that does not indicate infection, and a limited time on the ventilator. The gender,

age, and smoking history are variable and have not been selection criteria. The human

donors used in this article included 8 males and 16 females with age ranges from 18 to 87,

and there were 12 current smokers, 2 exsmokers, and 10 nonsmokers. Hence, there is great

deal of variability among the donors, as expected.

Isolation and culture of human alveolar type II and macrophage cells

Human ATIIs were isolated from deidentified human lungs that were not suitable for

transplantation and donated for medical research as described previously (13, 14). The

committee for the Protection of Human Subjects at National Jewish Medical and Research

Center approved this research. In brief, the middle lobe was perfused, lavaged, and then

instilled with elastase (12.9 U/ml; Roche Diagnostics) for 50 min at 37°C. The lung was

minced and the cells were isolated by filtration and partially purified by centrifugation on a

discontinuous density gradient made of Optiprep (Accurate Chemical Scientific) with

densities of 1.080 and 1.040 and by negative selection with CD14-coated magnetic beads

(Dynal Biotech) and binding to IgG-coated petri dishes (Sigma-Aldrich). The cells were

counted and cytocentrifuge cell preparations were made to assess cell purity by staining for

cytokeratin (CAM 5.2; DakoCytomation). The yield of ATIIs was ~300 × 106 per isolation

and the purity was ~80% before plating and over 95% after adherence in culture (13). The

purity of isolated AMs is ~90% before plating and close to 100% after adherence in culture.

Isolated cells were plated on millicell inserts (Millipore) coated with a mixture of rat tail

collagen and Matrigel (BD Biosciences) in 10% FBS in DMEM and then cultured with 1%

charcoal-stripped FBS along with keratinocyte growth factor, isobutylmethylxanthine, 8-

bromo-cAMP, dexamethasone, and antibiotics to achieve their differentiated phenotype as

described in detail previously (13, 14).

AM cells were isolated from the same donor from which corresponding ATIIs were

obtained. Briefly, the lung was lavaged with HEPES-buffered saline and 2 mM EDTA and

the lavage fluid was centrifuged at 4°C for 10 min. If there were a significant number of

RBC, the RBC were lysed with Pharm Lyse (BD Biosciences). The macrophages were

resuspended in DMEM supplemented with 10% FBS, 2 mM glutamine, 2.5 μg/ml

amphotericin B, 100 μg/ml streptomycin, 100 U/ml penicillin G, and 10 μg/ml gentamicin

(Life Technologies) and plated on tissue culture plates. After a 4-h or overnight adherence,

the cells were washed with DMEM to remove the nonadherent cells and then were cultured

for 2 more days before infection. The purity of the AM preparations was confirmed by

immunostaining for CD68 (clone KP1; DakoCytomation).
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Virus preparation

IAV was grown in the chorioallantoic fluid of 10-day-old chicken eggs and purified on a

discontinuous sucrose gradient as previously described (25). The virus was dialyzed against

PBS without added calcium or magnesium to remove sucrose, aliquoted, and stored at

−80°C until needed. The wild-type H1N1 strain A/PR/8/34 was a gift from Dr. J. Abramson

(Bowman Gray School of Medicine, Winston-Salem, NC). The HA titer of each virus

preparation was determined by titration of virus samples in PBS with thoroughly washed

human type O, Rh− RBC as described previously (25). The A/Phil/82 was originally

provided by Dr. E. Margot Anders (University of Melbourne, Melbourne, Australia); this

virus is a reassortant PR/8 virus, the HA, N, and NP genes are from Philippines/2/82 (H3N2)

and the PB1, PB2, M, and NS genes are from PR/8. After thawing, the viral stocks contained

1 × 109 PFU/ml.

Influenza viral infection of ATIIs and AMs

Primary ATIIs and AMs were cultured as described above and inoculated with MOCK

(PBS), A/PR/8/34, or A/Phil/82 at a MOI of 0.5–1; after a 1 h adsorption, the inoculum was

aspirated, cells were washed two times with DMEM, and refed with cell-type appropriate

medium and incubated at 37°C in an atmosphere of 10% CO2. The MOI was a calculated

MOI based on DNA measurements for plating efficiency. At designated times after

inoculation, triplicate samples of culture supernatant were collected for virus titration and

cytokine analysis. RNA and protein were extracted from cells for gene and protein

expression as described previously (13).

Double immunostaining

At 24 h postinoculation (hpi), ATIIs and AMs were fixed in methanol and stained for viral

Ags and cell markers. Macrophages were stained with goat anti-human influenza A viral Ag

and mouse anti-CD68. The type II cells were stained for goat anti-human surfactant protein

A (Santa Cruz Biotechnology) and mouse anti-influenza A viral Ag (Millipore) according to

standard protocols as described previously (13).

Infectious viral release curve

The culture supernatant from infected AMs and ATIIs was used for evaluation of viral

release. For type II cells, only the apical medium was evaluated. The virus in the medium

was titrated in Madin-Darby canine kidney cells (MDCK) with a fluorescent focus assay as

prescribed previously (26). Briefly, confluent MDCK cells were infected with diluted IAV-

infected cell supernatant for 45 min at 37°C in PBS, followed by washing in serum-free

DMEM. The monolayers were then incubated for 7 h at 37°C with 5% CO2 in DMEM.

After washing, the monolayers were fixed with 80% acetone and 20% H2O2 (v/v) for 10 min

at 4°C and then stained with mouse anti-influenza A viral nucleoprotein (NP). The foci were

counted with fluorescent microscopy. Dilutions of virus were used to find the dose yielding

50 fluorescent foci per high-powered (magnification, ×40) field. The results from three

independent donors were averaged, and the viral titers were expressed as log10 fluorescent

focus unit/ml. Additional studies of viral release were done to confirm these findings with a

TCID50 assay.
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Real-time RT-PCR

Real-time RT-PCR was used to measure the mRNA expression of IFN and antiviral gene

expression as previously described (13). The specific primers and probes for IFNs that we

designed used in this study are IFN-β (forward: 5′-

CTTACAGGTTACCTCCGAAACTGAA-3′; reverse: 5′-

TTGAAGAATGCTTGAAGCAATTGT-3′, probe: 5′-

ATCTCCTAGCCTGTGCCTCTGGGACTG-3′); IL-29 (forward: 5′-

GGGAACCTGTGTCTGAGAACGT-3′; reverse: 5′-

GAGTAGGGCTCAGCGCATAAATA-3′; probe: 5′-

CTGAGTCCACCTGACACCCCACACC-3′); and IL-28A (forward: 5′-

GGCCTCTGTCACCTTCAACCT-3′; reverse, 5′-CCCCACTGGCAACACAATTC-3′;

probe: 5′-TCCGCCTCCTCACGCGAGACC-3′). 36B4 expression was used to normalize

equal mRNA copy for each sample (13). The specific probes for MX1, OAS, and ISG56

were purchased from Applied Biosystems) and designed by the manufacturer.

Western blotting

Protein expression of influenza A viral NP and GAPDH was detected by Western blotting

modified slightly from the standard protocol (13). Different from previous Western blotting,

fluorescent-labeled secondary Abs were used instead of HRP-conjugated secondary Abs

(13). The final development was conducted using the Odyssey system (L1-COR

Biosciences). Mouse anti-GAPDH was purchased from Promega, mouse anti-influenza A

NP Ab was acquired through Millipore, and secondary Abs were obtained through L1-COR

Biosciences.

Multiplex bead-based cytokine analysis

A human multiplex Ab bead kit (Invitrogen) was used to measure chemokine and cytokine

secretion from infected cells. The method allows simultaneous evaluation of 25 human

cytokines, chemokines, and growth factors: IL-1α, IL-1ß, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,

IL-10, IL-12p40, IL-13, IL-15, IL-17, IFN-α, IFN-γ, TNF-α, GM-CSF, MCP-1, MIP-1α,

MIP-1ß, IFN-induced protein 10 (IP-10), eotaxin, RANTES, and monokine induced by IFN-

γ (monokine induced by IFN-γ (MIG)). The sensitivity of each cytokine varied. The

multiplexed assay was performed at the National Jewish Luminex Core Facility according to

the manufacturer’s instructions. To generate a standard curve, 2-fold serial dilutions of

appropriate standards were prepared in DMEM. Standards and supernatant samples were

pipetted at 50 μl/well and mixed with 50 μl of the bead mixture. After a 1-h incubation,

wells were washed three times with washing buffer using a vacuum manifold. PE-

conjugated secondary Ab was added for 45 min, the wells were washed twice, and samples

were analyzed using the Bio-Plex suspension array system, which includes a fluorescent

reader and Bio-Plex Manager analytic software (Bio-Rad). One hundred beads were counted

for each analyte per well. Values (pg/ml) were calculated using Bio-Rad software.

IFN treatment of type II cells

Human IFN-β (PBL InterferonSource) and IL-29 (R&D Systems) were used to treat ATIIs

preinfection. ATIIs were cultured for 7 days and treated with IFN-β and IL-29 for 18 h, the
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cells were then washed two times and subjected to viral inoculation. For assay of viral

protein expression, viral release, and chemokine secretion, the cells were harvested 24 hpi.

In addition, total RNA was harvested at 4 hpi for evaluation of antiviral gene expression by

real-time RT-PCR.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 4. One-way ANOVA was

used to compare the difference between two or more groups. Appropriate post hoc tests were

selected for multiple comparisons. A value of p < 0.05 was considered significant with all

methods.

Results

Differentiated human ATIIs support a productive IAV infection

Human ATIIs were isolated and cultured in vitro for 8 days to achieve the differentiated

phenotype (13). The differentiated ATIIs were then infected with influenza A/PR/8/34 or A/

Phil/82. Fig. 1, top panel, indicates both viruses infected ATIIs similarly and maximal titer

was reached by 24 hpi and maintained through 48 hpi (Fig. 1, lower panel). There was

obvious detachment in wild-type A/PR/8/34-infected cells at 48 hpi, whereas no significant

cytopathic effect was observed in reassortant PR/8 virus (A/Phil/82)-infected cells. We also

examined the infectious viral release in IAV-infected A549 cells, but we did not detect a

productive infection in the MDCK assay without exogenous proteases (data not shown).

IAV infection induces a strong inflammatory response in ATIIs

The IAV-infected cells were evaluated for the secretion of 25 chemokines and cytokines by

Luminex multiplex technology at 24 hpi. As shown in Table I, influenza greatly stimulated

the production of IL-6, IP-10, MIP-1α, MIP-1β, and RANTES by type II cells. To confirm

the observed differences between virus- and MOCK-infected cells, culture supernatants

were further evaluated for chemokine release by independent ELISAs. The level of IL-8

after infection was out of range in the Multiplex assay, but it was measured by ELISA. As

shown in Fig. 2, top panel, both viruses induced a significant secretion of proinflammatory

cytokines such as IL-6, IL-8, RANTES, MCP-1, and MIP-1β. In general, wild-type A/PR/

8/34 was a much stronger inducer of cytokines than A/Phil/82. Additional studies showed a

time- and dose-dependent secretion of cytokines in several different individuals (data not

shown). In addition, heat inactivation of virus almost abolished the increase of IL-8 and

MCP-1 (Fig. 2, bottom panel).

IL-29 (IFN-λ1) is the main IFN secreted by virus-infected ATIIs

IFN production in response to viral infection was measured by real-time RT-PCR and

ELISA. Both influenza A viruses induced early increases of mRNA synthesis of IFN genes

IFN-β, IL-28A (IFN-λ2), and IL-29 (IFN-λ1) at 4 and 24 hpi (Fig. 3, top panel), we did not

detect any induction of mRNA of IFN-α and IFN-γ (data not shown). To confirm that the

observed differences of mRNA are reflected in levels of protein secretion, secretion of IFN-

β and IL-29 (IFN-λ1) was measured by ELISA. Consistent with RNA data, significant

secretion of IL-29 was detected in medium of virus-infected cells, as shown in Fig. 3,
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bottom panel. Both viruses induced a time- and dose-dependent IL-29 response; again, the

A/PR/8/34 virus was a much stronger inducer of IL-29 than A/Phil/82. However, we failed

to detect any IFN-β protein secreted from the supernatant of ATIIs after influenza viral

infection at the limit of detection level of ELISA, 25 pg/ml (data not shown). We further

compared the release of IL-29 in viral-infected ATIIs and AMs by independent ELISA and

found ATIIs produced more IL-29 than AMs from the same donors (Fig. 4, top panel).

These results suggest that IL-29 is the main IFN protein induced by IAV infection in ATIIs.

IL-29 plays a direct antiviral role in ATIIs in response to IAV infection through activation of
antiviral genes

Because wild-type virus A/PR/8/34 was the main chemokine and cytokine inducer, it was

chosen for evaluation of the antiviral effect of IL-29. Differentiated type II cells were treated

with IL-29 (IFN-λ1) and IFN-β before infection and examined for influenza A NP

expression and antiviral gene expression at designated times after infection. At 4 hpi, IL-29

alone induced the mRNA expression of MX1 and OAS and ISG56 in human type II cells. In

virus-infected type II cells, IL-29 pretreatment induced a dose-dependent mRNA increase of

antiviral genes MX1, OAS, and ISG56 but not IFN-β in virus-infected cells (Fig. 5). At 24

hpi, a significant decrease of NP expression was detected by Western blotting in IL-29- and

IFN-β-treated cells (Fig. 6). To investigate whether IL-29 decreases the infectious viral

release and inflammatory response, independent experiments were performed with IL-29.

As shown in Fig. 7, pretreatment with IL-29 or IFN-β significantly reduced viral release and

infection-induced secretion of MIP-1β, RANTES, MCP-1, and IL-8.

AMs secrete significantly increased TNF-α in response to IAV infection

AMs from the same donors as ATIIs were also investigated for IAV infection and viral

release. Immunofluorescent studies demonstrated that >90% of the cells were infected by

virus at 24 hpi in AMs at same MOI used in the ATII infections (Fig. 8, top panel).

However, there was also no increased release of virus above the level of residual inoculum

even at 48 hpi with the absence of exogenous protease (Fig. 8, bottom panel). There was no

significant cytopathic effect observed at this time. In addition, there was no increase in viral

release by a TCID50 assay in the presence or absence of exogenous trypsin (data not shown).

Cytokine secretion from AMs from the same donors as ATIIs was also evaluated by the

Luminex multiplex assay. As compared with ATIIs, AMs are a rich source of chemokines

and cytokines, secrete a higher level of cytokines than ATIIs under basal adherent

conditions, and secrete significant levels of TNF-α, IFN-α, MIP-1α, MIP-1β, IP-10

(CXCL10), and MIG (CXCL9) after viral infection (Table II). Notably, AMs secrete TNF-α

in response to viral infection, whereas ATIIs do not (Fig. 4, bottom panel). In addition, heat

inactivation of the virus partially decreased the secretion of IL-8, MCP-1, RANTES, and

MIP-1β, and almost completely inhibited the secretion of TNF-α in virus-treated AMs (Fig.

9).

Discussion

In this study, we compared the innate immune response induced by IAV virus A/PR/8/34

(wild type) and A/Phil/82 (reassortant PR/8 virus). Although both viruses have similar
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ability to infect and replicate in ATIIs, the wild-type strain A/PR/8/34 is a stronger inducer

of chemokines and cytokines. The result from the fluorescent focus assay without exogenous

trypsin indicates that IAV infection induces a productive viral release in differentiated ATIIs

(Fig. 1) but not in A549 cells (data not shown), an extensively used tumor-derived

pulmonary epithelial cell line. Thus, study of the IAV infection in A549 cells might not

reflect the in vivo type II situation. In this study, we also investigated IAV infection in AMs

from the same donor. Consistent with the previous report (27), there is no productive viral

release from IAV-infected AMs even though a similar amount of virus causes higher

infection rates in AMs than that in ATIIs (Fig. 7). This suggests that A549 cells and AMs

might lack certain cellular proteases that are often required to cleave viral proteins to form

the mature infectious virus particles (28).

Recently, Bottcher et al. (29) reported trypsin-like protease TMPRSS2 (transmembrane

protease, serine 2) and HAT (human airway trypsin-like protease) proteolytically activate

influenza A virus in A549 and MDCK cells to induce a productive infection (29).

Interestingly, we found that differentiated ATIIs but not AMs express a high level of

TMPRSS2 mRNA by microarray experiments (data not shown) that might help to explain

why AMs do not support a productive infection but ATIIs do. Because secondary bacterial

infection is a common complication in severe influenza infection, further study is required to

investigate the effect of viral infection on the phagocytic function of human AMs.

A robust cytokine response is the first line of lung defense against external challenges.

However, excessive innate immune responses may also cause additional tissue damage and

inflammation. This scenario may be especially true with pandemic and avian flu infections

in which it is proposed that a cytokine storm is a major reason for the increased levels of

mortality. Recently, numerous studies suggest an important role for alveolar epithelial cells

in the regulation of the pulmonary inflammatory response to environmental insults such as

LPS and respiratory viruses (30–32). As shown in Table I and Fig. 2, virus-infected

differentiated human ATIIs secrete abundant IL-8 (CXCL8) and MCP-1 (CCL2) that are

thought to be main stimulants for neutrophil and monocyte migration in acute lung

inflammation (32, 33). IAV infection also induces other CXCL and CC chemokines such as

IP-10 (CXCL10), RANTES (CCL5), MIP-1α (CCL3), and MIP-1β (CCL4). In addition,

chemokine production by ATIIs is dependent on viral replication (Fig. 2, bottom panel). Our

results provide strong evidence that distal lung epithelial cells directly contribute to IAV-

induced lung inflammation and would be a critical target to control the avian or pandemic

flu.

Production of type I IFNs is a classic way the host combats viral infection. However, cell

types differ with respect to the amount and types of IFN produced during infection. As

reported by Kumagai et al. (34), AMs are thought to be major IFN-α producers in

pulmonary infection with RNA viruses, whereas IFN-β is produced mainly by epithelial

cells, dendritic cells, or fibroblasts during the infection (35). We are showing here that IL-29

(IFN-λ1) might be the main IFN protein secreted by alveolar type II epithelial cells in

response to IAV infection. By comparison in wild-type A/PR/8 virus-infected AMs and

ATIIs from the same donors, we found that epithelial cells not macrophages are the main

resource for IFN-λ production. In an effort to determine whether IL-29 plays a protective
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role in the IAV infection in ATIIs, we found that IL-29 alone increased mRNA of antiviral

genes MX1, OAS1, and ISG56. Human MX1, also named MxA, is an IFN-induced gene.

The MxA protein belongs to the GTPase family and targets the viral NP to inhibit the

replication of the IAV (36, 37). Recent evidence suggests that the antiviral activity of MxA

differs markedly with the strains of influenza virus and the PR/8 virus has a very high

sensitivity to human MxA protein (37, 38)). The OAS1 gene encodes a member of the 2′,5′-

oligoadenylate synthetase (2′,5′OAS) family, which is involved in the innate immune

response to viral infection. It also functions on the inhibition of viral replication through

activation of latent RNase (RnaseL) to degrade viral RNA (39). ISG56 is also an IFN-

induced gene. Different from the induction of MxA, which is dependent on IFN signaling

and Stat1, ISG56 can be directly induced by the influenza virus (40, 41). IL-29 treatment

before viral infection induced a dose-dependent increase of antiviral gene expression and a

decrease of infectious virus release and virus-induced cytokine response. These data indicate

that IL-29 has a direct antiviral function in human ATIIs in response to influenza infection

through activation of antiviral genes (22, 42).

Different from type I IFN genes, IFN-λ genes have several introns and are located on

chromosome 19 instead of 9. They use different receptors. The IFN-λ-specific receptor

IFNLR1 (IL-28RA) has much more limited expression in different cell types and organs (19,

43). It has been shown that, in vitro, cell response to IFN-λ is closely dependent on the

expression of the IL-28RA receptor subunit (44). We compared the IL-28RA mRNA

expression in cell lines from T cells, B cells, monocytes, and epithelial cells and found that

IL-28RA is specifically expressed by epithelial cells (data not shown). This suggests that

IL-29 might have special role in protection of the epithelium. The response to IFN-λ is also

more restricted to epithelial cells than type I IFNs (19, 43). In contrast, the response to IFN-

α/β is observed in various cell types in these organs and is prominent in endothelial cells

(45). Although type I IFN has stronger antiviral effects than IFN-λ (46), side effects such as

high fever hinder its clinical use, presumably because of the widespread expression of the

type I receptor. In our study, we found that IFN-β treatment also protected type II cells in

response to viral infection. However, an increase of IFN-β mRNA was not observed in

IL-29-treated type II cells compared with viral infection alone which suggests that the

antiviral effect of IL-29 is independent of IFN-β. This is supported by the very recent in vivo

study that demonstrated administration of IFN-λ readily induced the antiviral factor of MX1

in mouse lungs and efficiently protected IFNAR1 knockout mice from lethal influenza virus

infection. This study also concluded that IFN-λ contributes to resistance against viral

pathogens infecting the lung but not the liver (47).

Contoli et al. (48) reported that treatment with IFN-λ decreases the viral titer and IL-8

secretion in rhinovirus-infected asthma patients (48). Deficient induction of IFN-λ was

highly correlated to the severity of virus-induced asthma exacerbation. It is interesting that

IL-29 alone stimulates production of IL-6, IL-8, and IL-10 production but not TNF-α and

IL-1, the known proinflammatory cytokines in PBMC (49). IL-29 increases mRNA of CXC

chemokine MIG/CXCL9, IP-10/CXCL10, and I-TAC/CXCL11 in PBMC (50). As shown in

Fig. 7, the secretion of IL-8, RANTES, MCP-1, and MIP-1β are decreased by IL-29

pretreatment accompanying a decrease of infectious viral release. Additional studies are
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needed to determine whether IL-29 also regulates the immune response in virus-infected

type II cells besides its direct antiviral activity.

Although in humans the replication of the influenza virus is generally restricted to the

epithelial cells of the upper and lower respiratory tracts, AMs also play an important role in

viral infection through their function as the pivotal phagocytic defense cells in the lung and

secrete proinflammatory cytokines. We and others found that AMs produce a higher level of

cytokines under basal conditions than ATIIs (Table II). Influenza A induces a strong CXCL

and CC response in both ATIIs and AMs when compared with the basal condition (Tables I

and II). This indicates that both cell types likely play a significant role in the regulation of

neutrophil and monocyte recruitment into the alveolar air space during IAV infection. As

shown in Fig. 2, bottom panel, the chemokine response in ATIIs is mainly virus replication

dependent, whereas, heat inactivation of A/PR/8 virus did not completely abolish the virus-

induced chemokine secretion in AMs (Fig. 9), which suggests other factors other than virus

also contribute to the chemokine response in AMs. As shown in Table II and Fig. 4, AMs

specifically secrete TNF-α, which is a well-known proinflammatory cytokine and has been

extensively documented in viral infection-induced inflammation including IAV; therefore,

the TNF-α-induced second wave of chemokine secretion might explain the extra chemokine

response besides viral infection in AMs (51–53).

The current studies involved well-characterized laboratory strains of influenza virus, and the

observations will need to be confirmed with circulating strains of influenza and expanded

into more virulent strains, such as H5N1 strains. It is interesting to note that the cytopathic

and cytokine response was less with the recombinant virus in which different HA, NA, and

NP genes were present, although infectivity was not altered.

In conclusion, influenza A virus induces an robust innate immune response in both human

ATIIs and AMs. These two cell types differ in the amount and types of cytokines produced,

especially TNF-α. Differentiated ATIIs are the main source for production of IL-29 in

response to influenza A infection. IL-29 exerts an antiviral effect during influenza A

infection through activation of antiviral genes. The molecular mechanism of influenza A-

induced IL-29 production in type II cells, the interaction of ATIIs and resident AMs in

virus-induced lung inflammation, and the signaling pathway involved in IL-29- induced

antiviral response require further investigation.
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FIGURE 1.
Influenza A viruses induce a productive infection in differentiated human ATIIs. Top

panels, Influenza infection in ATIIs. Primary cultured differentiated human ATIIs were

inoculated with influenza A viruses for 1 h at a MOI of 0.5 and harvested at 24 hpi for

immunofluorescent stain of viral Ag (red) and surfactant protein A (green). Bottom panel,

Infective viral release from virus-infected ATIIs. Supernatants from infected cells at

designated times after inoculation (MOI = 0.5) were collected for quantitation of infectious

virus by fluorescent focus assay. Data represent results from three independent donors.
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FIGURE 2.
Influenza A viral infection induces secretion of inflammatory cytokines. Primary cultured

human type II cells were exposed to influenza A viruses or heat-inactivated virus at a MOI

of 0.5 for 1 h. Culture supernatants were collected at 24 hpi for measurement of selected

cytokines by ELISA. Top panels, Verification of multiplex data by ELISA in different

donors. Bottom panels, Heat inactivation of virus abolishes the virus-induced chemokine

response. The heat-inactivated viruses are designated as I-PR/8 and I-Phil/82. Data represent

results from three independent experiments from different individuals.
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FIGURE 3.
IAV infection induces IFN production in ATIIs. Top panels, Influenza infection increases

mRNA level of IFN genes. Human type II cells were infected by IAV and total RNA were

extracted for evaluation of IFN gene expression by real-time RT-PCR. The data show the

relative level of corresponding gene to a constitutive probe, 36B4. Bottom panels, IAV

infection induces a dose- and time-dependent IL-29 (IFN-λ1) release from differentiated

type II cells. Left panel, Dose-dependent IL-29 secretion; right panel, time-dependent IL-29

secretion. Human type II cells were infected with influenza A viruses and culture

supernatants from infected cells were evaluated for IL-29 protein by ELISA at 24 hpi. One-

way ANOVA was used to compare the differences between two or more groups.

Appropriate post hoc tests were used for multiple comparisons. *, Indicates there is a

difference between the virus and control group; #, indicates there is difference between PR/8

and Phil/82.
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FIGURE 4.
Type II cells secrete IL-29 and macrophages secrete TNF-α in response to IAV infection.

Cultured human ATIIs and macrophages from the same donor were inoculated with IAV at

the same MOI. Supernatant medium was collected for quantitation of IL-29 and TNF-α and

protein by ELISA.
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FIGURE 5.
IL-29 treatment increases antiviral gene expression in A/PR/8/34 virus-infected ATIIs. Type

II cells were treated with IL-29 and IFN-β 18 h before infection. The mRNA expression of

antiviral genes was evaluated by real-time RT-PCR at 4 hpi. Data represent one experiment

of three independent experiments with different donors that produced the same results.
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FIGURE 6.
IL-29 pretreatment decreases viral NP expression in A/PR/8/34 virus-infected ATIIs. Type

II cells were treated with IL-29 and IFN-β 18 h before infection. The protein was harvested

at 24 hpi for detection of NP expression by Western blotting and normalized to the level of

GAPDH. Data represent one experiment of three independent experiments with different

donors that produced the same results.
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FIGURE 7.
IL-29 and IFN-β pretreatment reduces viral release and chemokine secretion in ATIIs in

response to influenza A infection. Type II cells were treated with IL-29 and IFN-β before

infection. Top panel, IFN treatment significantly reduced viral release. Bottom panels, IFN

treatment significantly decreased A/PR/8/34-induced inflammatory chemokine secretion.

The infectious viral release and chemokine secretion were measured by plaque assay and

ELISA, respectively. Data represent one experiment from three independent experiments

with different donors that produced the same results.
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FIGURE 8.
Influenza A viruses induce a nonproductive infection in human AMs. Top panels, Influenza

infection in AMs. Primary cultured AMs were inoculated with influenza A viruses for 1 h at

a MOI of 0.5 and harvested at 24 hpi for the immunofluorescent stain of viral Ag (green)

and CD68 (red). Bottom panel, Infective viral release from virus-infected AMs. Primary

cultured AMs were inoculated with influenza A viruses for 1 h at a MOI of 0.5 and

supernatants from infected cells were collected at designated times after inoculation (MOI =

0.5) for quantitation of infectious virus by fluorescent focus assay. Data represent results

from three independent donors.
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FIGURE 9.
Heat inactivation decreases the cytokine response induced by A/PR/8/34 in AMs. Cultured

AMs were exposed to alive and heat-inactivated A/PR/8/34 virus. Secretion of IL-8, MCP-1,

MIP-1β, RANTES, and TNF-α was measured by ELISA at 24 hpi. Data represent one

experiment from five independent experiments with different donors.
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Table I

Influenza A increases secretion of inflammatory cytokines in type II cellsa

Cytokine MOCK (pg/ml) A/PR/8/34 (pg/ml) A/Phil/82 (pg/ml)

IL-1β 3.2 ± 2.5 33.4 ± 4.2 15.6 ± 8.4

IL-1Ra 29.2 ± 4.7 226.5 ± 57.3 96.8 ± 18.2

IL-6 71.8 ± 6.8 5376 ± 1388.8 4553 ± 1417

IP-10 0 4496 ± 2027 584.1 ± 148.5

TNF-αb 0 3.5 ± 2.6 0.1 ± 0.06

MIP-1α 1.1 ± 1.1 258.7 ± 142.6 54.5 ± 9.9

MIP-1βb 0.4 ± 0.2 721.7 ± 366.1 50.2 ± 6.3

RANTESb 18.4 ± 7.4 3583.7 ± 2550.4 362.6 ± 12.1

MCP-1b 434.5 ± 78.0 7865.3 ± 4267.3 4154.2 ± 946.2

a
Culture supernatants from influenza virus-infected human ATII collected at 24 hpi were tested by Luminex multiplex technology. The data

represent mean and SE of four independent donors.

b
Indicates result verified by independent ELISA.
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Table II

Influenza A increases the secretion of inflammatory cytokines in AMsa

Cytokine MOCK Mean
(pg/ml)

A/PR/8/34 Mean
(pg/ml)

A/Phil/82 Mean
(pg/ml)

IL-1β 2.6 41.0 38.5

IL-1Ra 345 1,505 861

IL-6b 402 1,931 1,216

TNF-αb 121 2,018 2,582

IP-10 328 12,001 8,266

MIP-1α 5,514 55,714 81,268

MIP-1βb 4,333 33,652 13,793

RANTESb 381 10,094 2,191

MCP-1b 19,994 23,651 26,857

a
Culture supernatants from influenza virus-infected human AMs collected at 24 hpi were tested by Luminex multiplex technology. The data

represent the mean from two independent donors.

b
Indicates data verified by ELISA.
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