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Abstract
Information on the immune response against H5N1 within the lung is lacking. Here we describe
the sustained antiviral immune responses, as indicated by the expression of MxA protein and IFN-
α mRNA, in autopsy lung tissue from an H5N1-infected patient. H5N1 infection of primary
bronchial/tracheal epithelial cells and lung microvascular endothelial cells induced IP-10, and also
up-regulated the retinoic acid-inducible gene-I (RIG-I). Down-regulation of RIG-I gene
expression decreased IP-10 response. Co-culturing of H5N1-infected pulmonary cells with TNF-α
led to synergistically enhanced production of IP-10. In the absence of viral infection, TNF-α and
IFN-α also synergistically enhanced IP-10 response. Methylprednisolone showed only a partial
inhibitory effect on this chemokine response. Our findings strongly suggest that both the H5N1
virus and the locally produced antiviral cytokines; IFN-α and TNF-α may have an important role
in inducing IP-10 hyperresponse, leading to inflammatory damage in infected lung.

Keywords
H5N1 autopsy; H5N1-infected human pulmonary cells; MxA; TNF-α; IFN-α; IP-10

Introduction
Infection with highly pathogenic avian influenza H5N1 virus, unlike most human influenza
infection, causes severe disease with a case-fatality rate of about 60%. In vitro infection of
human alveolar and bronchial epithelial cells with H5N1 viruses led to higher levels
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production of IFN-β, IL-6, RANTES, and especially IP-10 than in cells infected with human
influenza H1N1 virus [1]. We recently demonstrated that human plasmacytoid dendritic
cells (PDCs) produced high levels of IFN-α and TNF-α after exposure to H5N1 viruses [2].
Several studies have consistently described elevated blood levels of IP-10 and other
cytokine/chemokine in H5N1 patients [3–5]. The increase in IP-10, MCP-1, MIG, and IL-8
plasma levels was significantly associated with fatality [3].

These findings provide an important link between serum cytokine/chemokine levels and
clinical severity of H5N1 infection. However, they do not provide detailed information
concerning immunopathology in the lung, the primary target organ of H5N1 infection. Due
to a lack of histological specimens from infected patients, it has been difficult to
systemically investigate the immune response against H5N1 in the lung, and to evaluate the
contribution of this response to the pathogenesis of H5N1 infection. In an attempt to
determine the pathological mechanism within infected lung tissue, we examined the antiviral
immune response in autopsy lung tissue of a patient who died with H5N1 infection. We also
investigated the possible mechanisms underlying the hyperproduction of IP-10 in H5N1-
infected human lung.

Materials and methods
Virus

H5N1 virus (A/open-billed stork/Nahkonsawan/BBD0104F/04) was isolated from cloacal
swabs of live Asian open-billed storks and propagated in Madin-Darby canine kidney cells
[2].

Cell culture and viral infection
Human primary bronchial/tracheal epithelial cells and human microvascular endothelial
cells (Cambrex) were cultured in BEBM and EBM-2 growth media, respectively. Cells of
passage 3 – 4 (5 × 104 cells /well) were co-cultured with H5N1 virus at MOI 1 in the
absence or presence of IFN-α and/or TNF-α. After 24 h of incubation, culture supernatants
were collected and assessed for production of IP-10, IL-8 and IL-6. Influenza infection was
confirmed by staining with FITC-conjugated anti- NP and M antibodies [2]. Peripheral
blood mononuclear cells (PBMCs) from healthy donors were obtained by centrifugation
using Histopaque (Sigma-Aldrich) and cultured (4 × 105 cells/well) in RPMI 1640
supplemented with nonessential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate,
100 μg/ml penicillin, and 100 μg /ml streptomycin (all from Invitrogen Life Technologie)
containing 10% FCS.

In some experiments, primary human pulmonary cells were infected with H5N1 (MOI 1) in
the presence TNF-α (6 ng/ml) and methylprednisolone (100 μg/ml) or atorvastatin (0.25 – 2
μM). IP-10 response was measured at 24 h after infection. Preliminary experiments were
conducted to determine non-toxic concentrations of methylprednisolone and atorvastatin.

Recombinant human IFN-α β2 and recombinant human TNF-α were from PBL Biomedical
Laboratories and R&D Systems, respectively. Methylprednisolone and atorvastatin were
obtained from Pfizer. E. coli LPS was purchased from InvivoGen.

Human tissue samples
Autopsy lung specimens from a H5N1 confirmed case and from a noninfectious patient were
obtained from the archives of the Siriraj Hospital, Mahidol University. This investigation
was approved by the Siriraj Ethics Committee, Mahidol University. The H5N1-infected
patient was a 6-year-old boy who had progressive viral pneumonia leading to acute
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respiratory distress syndrome. He died on day 17 after onset of illness [6]. Autopsy lung
tissue from one patient with no known respiratory infection was used as a negative control.

Real-time PCR
RNA was extracted from lung tissues as previously described [6]. cDNA was synthesized
with AMV-RT (Promega, USA) using oligo-dT primer and then amplified by real-time PCR
(Rotor Gene 3000, Corbett Research) with SYBR green I detection system. The sequences
of IFN-α and IP-10 primers were as follows. IFN-α forward,5'-AGA ATC ACT CTC TAT
CTG AAA GAG AAG AAA TA-3': IFN-α reverse, 5'-TCA TGA TTT CTG CTC TGA
CAA CCT-3'; IP-10 forward, 5'-TCG AAG GCC ATC AAG AAT TT-3'; IP-10 reverse, 5'-
GCT CCC CTC TGG TTT TAA GG-3'. Primers specific for the housekeeping genes; β-
actin and GAPDH were as follows, β-actin forward, 5'-CCA CAC TGT GCC CAT CG-3';
β-actin reverse, 5'-AGG ATC TTC ATG AGG TAG TCA GTC AG-3'; GAPDH forward, 5'-
GAT CAT CAG CAA TGC CTC CT-3'; GAPDH reverse, 5'-TGT GGT CAT GAG TCC
TTC CA-3'. To assess RIG-I expression in human primary pulmonary cells, RNA of cells
after 4 h of H5N1 infection was extracted with QIAGEN RNA easy kit (QIAGEN). cDNA
was synthesized and amplified by real-time PCR with RIG-I forward primer, 5'-CTC TGC
AGA AAG TGA AAG C-3' and reverse primer, 5'-GGC TTG GGA TGT GGT CTA CT-3'.
Copy number of each gene of interest and housekeeping gene in each sample were
calculated by Rotor gene software using standard curve of known copy plasmid containing
its own specific gene sequence. The relative expression of each gene of interest/
housekeeping gene of the same sample was presented. The fold difference in gene
expression was compared to the control sample.

siRNA, transfection, and infection
Stealth siControl (UAA GUG GUU GAC UUG AAC CUA AUG G) and Stealth siRIG-I
(UAA GGU UGU UCA CAA GAA UCU GUG G) were purchased from Invitrogen.
Transfection with siRNA was performed using lipofectamine 2000. Briefly, semi-confluent
cells were seeded with growth media without antibiotics one day before transfection. Cells
were transfected with siRNA in the Opti-MEM media for 4 h, then replaced with growth
media, and cultured overnight. Depletion of RIG-I expression by siRNA RIG-I was assessed
by real-time PCR. Transfected cells which had their RIG-I expression been silence were co-
cultured with H5N1 virus (MOI 1), culture supernatants were collected at 24 h post infection
and then measured for IP-10 production.

Immunohistochemistry
Tissue sections were prepared from archived formalin-fixed, paraffin-embedded lung tissues
and were stained by immunohistochemistry. Primary antibody specific to MxA (Dr. Haller,
University of Freiburg) was used. Detection of primary antibody was conducted by using
Polymer/HRP and DAB+ chromagen (EnVisionTM G/2 Doublestain System, Rabbit/
Mouse, Dako).

Measurement of cytokines
Production of cytokines was measured by ELISA (R&D Systems).

Statistical analysis
Statistical comparisons among different treatment conditions with respect to production of
IP-10 and TNF-α were conducted using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL).
The parametric Student's t test was used for normally distributed data, and the non-
parametric Mann-Whitney rank-sum test was used for non-normally distributed data. A P
value of < 0.05 was considered statistically significant.
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Results
Expression of MxA, IFN-α, and IP-10 in H5N1-infected human lung

The type I interferon-induced Mx proteins play a critical role in protection against influenza
A viral infection [7]. However, their expression in H5N1-infected human lung has not been
investigated. We examined the expression of human MxA in lung tissue from a six-year-old
boy who died on day 17 after onset of H5N1 illness. The histopathological findings, sites of
viral replication, and clinical data from this patient have been previously reported [6].
Immunohistochemistry data in Fig. 1A revealed the expression of cytoplasmic MxA protein
in several different cell types in the patient's lung. Expression was especially strong in
mucous gland epithelium, and also occurred in vascular endothelial and smooth muscle cells
as well as alveolar epithelial cells. MxA expression was negligible in control autopsy lung
tissue. The observed MxA expression in the H5N1-infected patient led us to hypothesize
that this expression may reflect local induction of type I IFN. Consistent with this, we found
increased expression of IFN-α mRNA (> 700-fold increase) in H5N1-infected lung as
compared to control lung (Fig. 1B). In addition to IFN-α, we detected increased expression
of interferon-inducible protein IP-10 mRNA in H5N1-infected lung (>70-fold increase) as
compared to control lung (Fig. 1C).

H5N1 infection stimulated IP-10 response which was mediated by RIG-I
The finding of enhanced expression of IP-10 in H5N1-infected lung prompted us to evaluate
in vitro IP-10 response in H5N1-infected primary human bronchial/tracheal epithelial and
lung microvascular endothelial cells. Co-culture of these cells with H5N1 (MOI 1) resulted
in infection, demonstrated by immunofluorescence staining of intracellular viral proteins
(Figs. 2A and B). Infectious viruses were also detected at 24 h postinfection in culture
supernatants of both cell types (data not shown). Analysis of supernatants at 24 h after
infection revealed production of IP-10, but only negligible IL-8 and IL-6 production (Figs.
2C and D).

RIG-I is critical for influenza A viral sensing and is involved in IP-10 response [8]. To better
understand the role of RIG-I in H5N1- infected pulmonary cells, we analyzed the effect of
H5N1 infection on this viral recognition receptor. Both cell types constitutively expressed
low levels of RIG-I. However, infection by H5N1 for 4 h increased RIG-I mRNA
expression in bronchial/tracheal epithelial cells 7-fold, and in lung microvascular endothelial
cells 3-fold, as compared to non-infected cells (Fig. 2E).

To explore the role of RIG-I in H5N1-mediated IP-10 production, we transfected cells with
RIG-I-targeted siRNA or control siRNA, and then infected them with H5N1 virus.
Compared to transfection with control siRNA, RIG-I-targeted siRNA with 90% gene
knockdown (Fig. 2F) induced reduction in IP-10 expression of 67% and 49% in H5N1-
infected bronchial/tracheal epithelium and lung microvascular endothelium, respectively
(Figs. 2G and H). Control lung cells and control siRNA-treated lung cells produced similar
levels of IP-10 upon H5N1 infection (data not shown).

The influence of TNF-α and /or IFN-α on IP-10 response of H5N1-infected human
pulmonary cells

Expression of TNF-α in the lung of this patient has been reported previously [6]. To mimic
the microenvironment found in the lungs of infected patients, primary human pulmonary
cells were co-cultured with H5N1 and cytokines expressed in H5N1-infected lung, i.e. IFN-
α and TNF-α. Both cytokines are known to have anti-H5N1 activity [2]. After 24 h, culture
supernatants were measured for IP-10 production. TNF-α (6 ng/ml) alone poorly induced
IP-10 response (Figs. 3A and B). Combining TNF-α and H5N1 infection synergistically
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enhanced IP-10 production in both bronchial/tracheal epithelial (P < 0.05) and lung
microvascular endothelial cells (P < 0.05) (Figs. 3A and B). That is, the effect of combined
TNF-α treatment and H5N1 infection was statistically significantly greater than the sum of
the individual effects. Live H5N1 virus was required to produce enhanced IP-10 production,
as heat-killed virus did not increase production (data not shown). IFN-α (600 U/ml) alone
induced a modest IP-10 response (Figs. 3A and B) in bronchial/tracheal epithelial cells, but
not in lung microvascular endothelium. Treatment with IFN-α and H5N1 failed to enhance
IP-10 response in both cell types (Figs. 3A and B).

A further increase in IP-10 response was observed in both types of pulmonary cells when
adding IFN-α to the TNF-α and H5N1 treated cells (P < 0.01) (Figs. 3A and B). The
increased response could result from the cooperative effect between IFN-α and TNF-α. To
test this hypothesis, we co-cultured pulmonary cells in the presence of IFN-α and/or TNF-α
in the absence of H5N1 infection. The combination of TNF-α (6 ng/ml) and IFN-α (600, 300
U/ml) synergistically induced high levels of IP-10 from both cell types (P < 0.01) (Figs. 3C
and D).

Methylprednisolone was only partially effective in suppression of IP-10 response
In addition to neuraminidase inhibitors, treatment of H5N1 infection often includes
corticosteroids to suppress hypercytokinemia. Non-toxic concentrations of glucocorticoid
methylprednisolone (4 – 500 μg/ml) markedly inhibited LPS-induced TNF-α production by
PBMC (Fig. 4A). However, in pulmonary cell system, even a high dose of
methylprednisolone (100 μg/ml) only partially reduced the synergistic production of IP-10
by TNF-α and H5N1 infection (35% in epithelial and 38% in endothelial cells) (Fig. 4B).
Similarly, methylprednisolone only minimally inhibited the IP-10 response induced by the
combination of IFN-α and TNF-α (Supplementary Fig.1).

Discussion
We observed increased expression of innate antiviral immune responses in the lung of a fatal
H5N1 case, as measured by the expression of IFN-α and MxA protein. Recent observations
in mouse model indicate that Mx protein played a critical role in protection against the
pandemic 1918 H1N1 and H5N1 viruses [9]. The observed innate antiviral immunity in the
H5N1-infected lung in this study seems to be sustained, since IFN-α and MxA could still be
detected at day 17 after the onset of illness. The source of this IFN-α is not clear.
Preliminary data from our group suggest that lung macrophages are not major IFN-α
producer cells, since H5N1-induced IFN-α production was detected in macrophage-depleted
lung immune cell cultures (data not shown). Viral infection of the lung often results in early
recruitment of plasmacytoid dendritic cells (PDCs) [10]. We hypothesize that PDCs
recruited to the H5N1- infected lung are responsible for the observed IFN-α response. This
hypothesis is based on our previous findings which showed that PDCs produced very high
levels of IFN-α in response to H5N1 viruses [2]. Production of H5N1-induced TNF-α was
consistently detected in macrophages [11,12], suggesting that they are the major source of
TNF-α. Virus- sensing receptors, including RIG-I, TLR3, TLR7 and NLRP3 inflammasome
are important in immune responses against influenza infection [8,13]. Recognition of
influenza virus by TLR7 is essential for IFN-α response by PDCs [14]. However, influenza
virus-sensing receptor that is responsible for TNF-α production from macrophages remains
unclear.

It is difficult to obtain autopsy samples from H5N1 patients. We measured expression of
IFN-α and MxA in lung tissue from only one case of fatal H5N1 disease. Further research is
required to confirm our findings. Nonetheless, our results agree with recent studies in ferret
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and non-human primate models, which demonstrated that H5N1 infection caused early
increase, and sustained type I IFN responses in the infected lung [15,16].

Our observation of IP-10 expression in an H5N1-infected human lung, but not in a control
lung, is consistent with a recent study which demonstrated the presence of IP-10 in H5N1-
infected human lung [12]. In our study, H5N1 virus was able to infect primary human lung
microvascular endothelial cells. The data support recent observations which demonstrated
that H5N1 virus could infect human lung endothelial both in vivo and in vitro [17,18].

In the present study, we showed that H5N1 infection up-regulated RIG-I expression, and
modestly up-regulated IP-10 (but not IL-8 and IL-6) in bronchial/tracheal epithelial cells and
lung microvascular endothelial cells. Depletion of RIG-I expression led to inhibition of
IP-10 response. Because this inhibition was not complete, other pathways are likely to be
involved in addition to RIG-I.

The mechanisms underlying the enhanced IP-10 response in H5N1- infected lung are not
clear. Treatment with TNF-α greatly enhanced IP-10 production in H5N1-infected
bronchial/tracheal epithelial cells and lung microvascular endothelial cells. In contrast,
treatment with IFN-α failed to increase IP-10 production in both infected cell types. It has
been previously reported that TNF-α or IFN-α primed lung epithelial cell line A549
enhanced H3N2 virus-induced IP10 expression [19]. H5N1 infection and replication are
required to produce enhanced IP-10 response since heat-killed virus showed no effect (data
not shown). The quantity of IFN-α (600 U/ml) used in our study was higher than the
previous report in epithelial cell line A549 [19] and could inhibit H5N1 replication in human
pulmonary cells. This may be the reason why we did not detect an increased IP-10 response
when IFN-α was added to H5N1-infected cells.

Combined treatment of cells with IFN-α and TNF-α without viral infection exerted a
synergistic effect on IP-10 production, suggesting that uninfected bystander cells could also
contribute to hyperchemokinemia in the lung. Our results suggest a complex interplay of
H5N1 infection in the lung and locally released TNF-α and IFN-α in the excessive
production of IP-10. At least three previous observations have indicated a possible link
between IP-10 hyperresponse and severity of H5N1 disease; 1) strong and sustained IP-10
expression in the lung was detected during lethal H5N1 infection in ferrets, compared to
H3N2 infection [16]; 2) H5N1-infected nonhuman primates showed sustained increase in
IP-10 response in the infected lung [15]; 3) human data consistently show high blood levels
of IP-10 and high plasma levels of IP-10 are strongly associated with fatal outcome in
human H5N1 infection [3–5].

IP-10 is well known to chemoattract activated T cells and NK cells by signaling via the
chemonkine receptor CXCR3 [20]. Other immune cells, including PDCs, mast cells,
infiltrated lung macrophages, and infiltrated lung neutrophils also express CXCR3 [21–24],
suggesting that IP-10 may involve in trafficking of these cells to the inflamed lung. The drug
AMG487, an antagonist of CXCR3 was recently reported to reduce lung inflammation and
increase survival time in H5N1-infected ferrets [16]. Better understanding of the role of
IP-10/CXCR3 signaling in pathogenesis of H5N1 disease could well point the way to new
and effective therapies.

Glucocorticoids are used in many inflammatory diseases. Our results indicate that
methylprednisolone inefficiently blocked TNF-α-mediated IP-10 production by H5N1-
infected lung cells. Our findings that methylprednisolone weakly inhibited IP-10 response
could partially explain its ineffectiveness in the treatment of H5N1 infection [25]. However,
this data should not be over interpreted and more investigations are required.
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We hypothesize that initial H5N1 infection in the lung rapidly activates antiviral innate
immune responses (IFN-α, MxA, and TNF-α), and IP-10 production. However, the broad
tissue tropism of H5N1, combined with its high replication rate, may overwhelm this
response. Subsequently, uncontrolled viral infection coupled with locally secreted TNF-α,
and IFN-α trigger a massive IP-10 response in infected lungs, promoting inflammatory cells
infiltration, resulting in extensive tissue damage. Also, the limited effectiveness of
methylpredinisone to inhibit in vitro IP-10 response highlights the need for a new and
effective anti-inflammatory agent that could be used in conjunction with anti-viral drugs to
treat H5N1 infection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression of MxA (Panel A), IFN-α (Panel B), and IP-10 (Panel C) in autopsy lung tissue
from human subjects with and without influenza H5N1 infection.
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Fig. 2.
In vitro infectivity by influenza H5N1 virus and induction of IP-10, IL-8, and IL-6 in
bronchial/tracheal epithelial cells (Panels A and C) and lung microvascular endothelial cells
(Panels B and D). H5N1 up-regulated RIG-I expression in bronchial/tracheal epithelial cells
and lung microvascular endothelial cells (Panel E). RIG-I expression (%) in epithelial and
endothelial cells transfected with control siRNA or siRNA RIG-I after overnight culture
(Panel F). IP-10 expression (%) in H5N1 infected epithelial cells (Panel G) and endothelial
cells (Panel H), transfected with control siRNA or siRNA RIG-I. Data in Panels F, G and H
are representative results from one of two experiments. Data in Panels C, D and E are shown
as mean values ± SEM of 4 independent experiments using cells derived from two
individual donors.
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Fig. 3.
IP-10 induction with treatment by H5N1, TNF-α, IFN-α, or different combinations in
bronchial/tracheal epithelial cells (Panel A) and lung microvascular endothelial cells (Panel
B). Panels C and D show IP-10 production with treatment of TNF-α and IFN-α in the
absence of viral infection. Data are shown as mean values ± SEM of 4 independent
experiments using cells derived from two individual donors. P < 0.05 compared with the
sum of the individual effects. **P < 0.01 compared with the sum of the individual effects.
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Fig. 4.
TNF-α expression in LPS-treated PBMC in the presence of different concentrations of
methylprednisolone (MP) (Panel A). Cytokine expression in stimulated PBMC (TNF-α),
stimulated bronchial/tracheal epithelial cells (IP-10) and stimulated lung microvascular
endothelial cells (IP-10) with and without MP treatment (Panel B). Data in panel A are
representative results from one of two experiments. Cytokine expression in treated cells
(panel B) is shown as mean percentage of TNF-α and IP-10 expression ± SEM of 4
independent experiments using cells derived from two individual donors. *P < 0.05
compared with the same cell type without MP treatment. **P < 0.01 compared with the
same cell type without MP treatment.
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