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The mechanism for the pathogenesis of H5N1 infection in humans remains unclear. This study reveals that
cyclooxygenase-2 (COX-2) was strongly induced in H5N1-infected macrophages in vitro and in epithelial cells of
lung tissue samples obtained during autopsy of patients who died of H5N1 disease. Novel findings demonstrated
that COX-2, along with tumor necrosis factor « and other proinflammatory cytokines were hyperinduced in
epithelial cells by secretory factors from H5N1-infected macrophages in vitro. This amplification of the proin-
flammatory response is rapid, and the effects elicited by the H5N1-triggered proinflammatory cascade are broader
than those arising from direct viral infection. Furthermore, selective COX-2 inhibitors suppress the hyperinduc-
tion of cytokines in the proinflammatory cascade, indicating a regulatory role for COX-2 in the H5N1-
hyperinduced host proinflammatory cascade. These data provide a basis for the possible development of novel
therapeutic interventions for the treatment of H5N1 disease, as adjuncts to antiviral drugs.

The emergence and spread of the highly pathogenic
avian influenza viruses (H5N1) in poultry and wild birds
with repeated zoonotic transmission to humans has
raised widespread concern. Outbreaks of H5N1 infec-
tion among poultry have now been reported on 3 conti-
nents, and at the time this article was written, over 370
cases of infection among humans had been reported,
with an overall case fatality rate of over 60% [1]. The
H5NI virus appears to have the capacity to cause severe
disease in previously healthy young children and adults
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[2, 3], and it is reminiscent of the strain that caused the
1918 influenza pandemic in this respect. The explana-
tion for the severity of H5N1-induced lung pathology
may include increased viral replication competence or
enhanced inflammatory responses, and the relative im-
portance of these remains to be elucidated [4-6]. Al-
though there is a paucity of autopsy investigation of pa-
tients with H5N1 disease, the available data has
consistently found very few virus-infected lung epithe-
lial cells, despite widespread histopathological damage
[7-10], which supports the argument that host inflam-
matory responses are important, at least in maintaining
ongoing lung pathology in these patients.

We previously found that the H5N1 viruses hyperin-
duced proinflammatory cytokines and chemokines (by
>10 fold) in macrophages and alveolar epithelial cells in
vitro, compared with HIN1-infected cells [11, 12], sug-
gesting that this differential host response may contrib-
ute to the pathogenesis of infection with H5N1 viruses in
humans. Recently, others have reported that H5N1 virus
induces lower levels of type-1 interferon (IFN) from dif-
ferentiated bronchial epithelium [13]. These differences
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in results may relate to the experimental cell phenotype, specif-
ically to differentiated bronchial epithelium as compared with
macrophage or alveolar epithelium, or they may relate to the way
that the viruses were propagated.

The hyperinduction of proinflammatory cytokines in vitro is
paralleled by data showing that some of these cytokines are
markedly elevated in the serum and lung tissue of patients with
H5N1 disease [4, 7]. High levels of secretory proinflammatory
cytokines in the lung is believed to set off a potent inflammatory
cascade leading to rapidly progressive pneumonia and acute re-
spiratory distress syndrome (ARDS), the terminal pathology
seen in many patients with H5N1 disease.

Recently, we have used microarray analysis to compare gene
expression in macrophages infected with either H5N1 or HIN1
influenza virus. In addition to proinflammatory cytokines,
H5N1 viruses differentially induced cyclooxygenase-2 (COX-2),
but not COX-1 (S.M.Y.L., unpublished data). COX-2 is a com-
ponent of the arachidonic-acid cascade thought to be involved in
the inflammatory process and immune response [14-16] and is
the target of anti-inflammatory drugs [17-19]. Recent studies
have suggested that COX-2 may be relevant to the pathogenesis
of H3N2 virus infection; compared with wild type or COX-1
deficient mice, COX-2 deficient mice had better survival rates
and lower levels of proinflammatory cytokines despite having
higher levels of virus [20]. Taking this information together, we
therefore hypothesized that the hyperinduction of COX-2 may
play an important role in the pathogenesis of infection with
H5NT1 viruses.

To our knowledge, the present study provides the first data
obtained by use of an appropriate human cell model to mimic
the microenvironment of the lung, together with studies on au-
topsy tissue samples from H5N1-infected patients. We com-
bined these methods to address the interaction between macro-
phages and epithelial cells after influenza virus infection, so as to
determine the importance of host response in the pathogenesis
of H5N1 lung disease.

METHODS

Viruses. The viruses used were A/Hong Kong/483/97 (483/97)
(H5N1), an influenza virus isolated from a patient with fatal
influenza A H5N1 disease in Hong Kong in 1997; A/Vietnam/
3212/04 (3212/04) (H5N1), a virus from a patient with H5N1
disease in Vietnam during 2004; and A/Hong Kong/54/98
(HIN1), a human HIN1 virus. The viruses were grown and ti-
trated in Madin-Darby canine kidney cells, as described else-
where [11]. Virus infectivity was expressed as TCIDsy.
Influenza virus infection of macrophages. Peripheral-
blood leukocytes were separated from buffy coat (obtained from
healthy blood donors; Hong Kong Red Cross Blood Transfusion
Service) by centrifugation on a Ficoll-Paque density gradient
(Pharmacia Biotech) and purified by adherence, as reported

elsewhere [11]. The research protocol was approved by the ethics
committee of the University of Hong Kong. The cells were al-
lowed to differentiate for 14 days in vitro. Differentiated macro-
phages were infected at an MOI of 2. After 30 min of virus ad-
sorption, the virus inoculum was removed, and the cells were
washed with warm culture medium and incubated in macro-
phage serum-free medium (Invitrogen) supplemented with 0.6
mg/L penicillin and 60 mg/L streptomycin.

Influenza virus infection of A549.  A549 cells were obtained
from ATCC and maintained in culture using Dulbecco’s modi-
fied Eagle medium (DMEM; Invitrogen) supplemented with
10% fetal calf serum (FCS), as well as 0.6 mg/L penicillin and 60
mg/L streptomycin, as recommended by the supplier. Cells were
incubated in a humidified atmosphere (5% CO,; 37°C). Cells
were infected with influenza A viruses by use of the same meth-
ods used for macrophages (see above), except that DMEM sup-
plemented with 10% FCS and 0.6 mg/L penicillin and 60 mg/L
streptomycin was used for incubation after infection.

Interaction between macrophages and epithelial cells. To
investigate the paracrine effects of virus-infected macrophages,
supernatants of influenza H5N1-infected, H1N1-infected, and
mock-infected macrophages were collected 6 h after infection.
Supernatants were filtered using a 100-kDa pore filter (Milli-
pore) to remove any virus and added to fresh (uninfected) A549
cells. The A549 cells were harvested, and RNA was extracted with
RNeasy Mini kits (Qiagen) to study COX-2 and cytokine gene
expression. The expression of influenza matrix (M) gene in the
A549 cells was measured to ensure that no virus was carried over
onto the A549 cells.

Treatment of cells with selective COX-2 inhibitors. To
investigate the effects of selective COX-2 inhibitors on cytokine
induction in macrophages or epithelial cells, the cells were pre-
treated for 1 h with nimesulide or NS-398 (Cayman) dissolved in
a vehicle consisting of 0.1% DMSO prior to virus infection or
application of filtered culture supernatant from infected macro-
phages. Cells were incubated in the presence of selective COX-2
inhibitor or drug vehicle (as controls) throughout the experi-
ment.

COX-2 and cytokine gene expression by real-time reverse-
transcriptase polymerase chain reaction (RT-PCR). Total
RNA was isolated and the cDNA was synthesized from mRNA
with poly(dT) primers and Superscript III reverse transcriptase
(Invitrogen). Transcript expression was monitored using a
Power SYBR Green PCR master mix kit (Applied Biosystems)
with specific primers. The fluorescence signals were measured in
real time during the extension step with MX3000P QPCR Sys-
tem (Stratagene). The specificity of the SYBR Green PCR signal
was confirmed by melting curve analysis. The threshold cycle
(Cr) was defined as the fractional cycle number at which the
fluorescence reached 10 times the standard deviation of the base-
line (from cycle 2 to 10). The ratio change in target gene relative
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to the B-actin control gene was determined by the 2-44¢r
method, as described elsewhere [21].

Immunohistochemical study of COX-2 in autopsy samples
from patients infected with H5N1. Single and double stain-
ing of COX-2 in human lung tissue was performed as follows.
Tissue sections were microwaved in 10 mmol/L citrate buffer
(pH 6.0) for 20 min and blocked with 3% H,0O, in methanol for
30 min, followed by treatment with an avidin/biotin blocking kit
(Vector Lab). After blocking with 10% normal rabbit serum for
10 min at room temperature, the sections were incubated with a
1/100 dilution of COX-2 antibody (Cayman) overnight at 4°C,
followed by biotinylated rabbit anti-mouse (Dako Cytomation)
diluted 1/100 for 30 min at room temperature. After incubation
with Strep-ABC Complex (Dako Cytomation) diluted 1/100 for
30 min at room temperature, the sections were developed with
0.5 mg/mL 3,3'-diaminobenzidine tetrahydrochloride (DAB;
Sigma) in 0.02% H,0O, for 20 min. When double labeling was
used, the sections were incubated with CD68 (Dako Cytoma-
tion) at a 1/10 dilution for 1 h at room temperature and then
with fluorescein isothiocyanate (FITC)-conjugated donkey
anti-mouse (Jackson Lab) at a 1/100 dilution for 1 h at room
temperature. The nuclei were counterstained with 1.5 umol/L
propidium iodide (Sigma) for 4 min and the sections were then
mounted in fluorescent mounting medium (Dako Cytomation).
For colocalization of COX-2 with epithelial cell markers, the
FITC-conjugated CD68 was replaced with AE1/AE3 (Dako) at
1/30 for 1 h at room temperature followed by incubation with
1/50 FITC-conjugated donkey anti-mouse (Jackson Lab). Im-
ages were captured sequentially with a Nikon epifluorescence
microscope with brightfield for the DAB, and then with fluores-
cence using a FITC filter. The sequential images were overlaid by
using Photoshop (version 7.0; Adobe Systems) to produce a
merged image that showed DAB (brown) for COX-2 and FITC
(green) for the second antigen.

Quantification of cytokines by enzyme immunoassay. The
levels of secreted cytokines in cell culture supernatant were mea-
sured by specific enzyme immunoassay (R & D Systems). For
safety reasons, samples were irradiated with ultraviolet light
(CL-100 UltraViolet Crosslinker; UVP) for 15 min to inactivate
any infectious virus before performing the enzyme immunoas-
say in the Biosafety Level 3 facility. Previous research had con-
firmed that the dose of ultraviolet light used did not affect cyto-
kine concentrations as measured by enzyme immunoassay [11].

RESULTS

Hyperinduction of COX-2 and proinflammatory cytokines in
H5NI-infected macrophages, compared with that in HINI-
infected macrophages. Gene expression of COX-2 in primary
human macrophages after influenza infection was quantified us-
ing real-time PCR. We found that COX-2 was differentially up-
regulated by A/HongKong/483/97 (483/97) (H5N1), compared
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Figure 1. Differential induction of cyclooxygenase-2 (COX-2) in HoN1-
infected macrophages, compared with H1N1-infected macrophages, and
lack of COX-2 induction in influenza virus—infected epithelial cells. Human
monocyte-derived macrophages and type Il alveolar epithelial A549 cells
were infected with 483/97 (H5N1) or HIN1 virus (MOl = 2). RNA was
extracted from the cells at 1, 3, and 6 h after infection. After cDNA
synthesis, COX-2 expression was assayed by real-time polymerase chain
reaction. A, In macrophages, COX-2 was markedly upregulated by 483/97
(H5N1) within 3 h, with a further increase by 6 h. HIN1 virus induced a
much weaker response. B, In Ab49 epithelial cells, there was no induc-
tion of COX-2 by either virus. Data shown are the n-fold change of COX-2
expression relative to mock-infected controls, after normalizing to B-actin
in each sample. Representative data for duplicate experiments (for
macrophages, 2 different donors were employed) and means of triplicate
assays are shown.

with A/Hong Kong/54/98 (HIN1), as early as 3 h after infection
(figure 1A). Human H1NT1 virus infection also led to induction
of COX-2 with similar kinetics but at much lower magnitude. As
the induction of COX-2 in virus-infected cells was abolished by
pretreatment of cells with cycloheximide (data not shown), its
induction is likely to be due to autocrine or paracrine effects of
cellular secretory mediators rather than to direct stimulation by
the virus. In contrast with virus-infected macrophages, COX-2
was not upregulated in human alveolar epithelial (A549) cells
infected with either H5N1 or HINT1 (figure 1B).

Because the currently prevalent Z-genotype H5N1 viruses dif-
fer from 483/97 (H5N1) in their gene constellation [22], we also
tested a recent Z genotype clade 1 H5N1 virus, A/Vietnam/
3212/04 (3212/04) (H5N1). As with 483/97 (H5N1), infection
with the 3212/04 (H5N1) virus hyperinduced COX-2 and other
cytokine genes tested (tumor necrosis factor [TNF]-a, CCL-2/

Hyperinduction of COX-2 by H5N1 « JID 2008:198 (15 August) ¢ 527

¥T0Z ‘gz aunt uo ABojouyds ] 9 80us1dS Jo A1slealun Buoy BuoH e /Hio'seulnolpioxopily:dny woly pepeojumoq


http://jid.oxfordjournals.org/

MCP-1, CCL-5/RANTES, CXCL-10/IP-10, interleukin [IL]-1,
IL-6, IFN-«al1, IFN-3, and TRAIL) in macrophages, compared
with macrophages infected with HIN1 (figure 2A-2]). Thus, de-
spite the difference in viral genotype, these 2 H5N1 viruses share
a common biological phenotype with regard to the induction of
proinflammatory host responses.

Extensive expression of COX-2 in epithelial cells from au-
topsy samples of lung tissue from patients infected with
H5NI1. To determine whether COX-2 was induced in patients
infected with H5N1, we performed immunohistochemical anal-
ysis of COX-2 protein expression for autopsy samples of lung
tissue specimens from 3 patients with confirmed H5N1 disease
and from 3 control patients who died of nonrespiratory causes.
There was strong cytoplasmic immunostaining for COX-2 in the
respiratory bronchial epithelial cells and pneumocytes of all 3
H5N1-infected patients (figure 3A and 3B). COX-2 expression
colocalized with cytokeratin antigen and was found in basal cells
and ciliated cells of the respiratory epithelium (figure 3C).
COX-2 was identified in cytokeratin-positive alveolar epithelial
cells (figure 3D) but was not observed in macrophages, as iden-
tified by the CD68 macrophage marker (figure 3E). The reason
for this absence or low level of COX-2 expression in alveolar
macrophages may be that autopsies were carried out late in the
course of the illness, at which time there were few H5N1-infected
cells [7-9]. Because macrophages found in the lung at this late
stage of the illness may have been recently recruited to the lung
via the cytokine cascade rather than being the original resident
alveolar marcrophages, they may not have been exposed to the
stimuli that trigger COX-2 expression to the same extent as
structural resident epithelial cells.

COX-2 expression was also found to be induced in the lung
epithelial cells of patients with fatal bacterial pneumonia (figure
3F) and again was not widely present in macrophages (figure
3G). This suggests that the mechanism of pathogenesis for H5N1
and fatal bacterial lung inflammation may share a common
pathway that involves COX-2 induction. Interestingly, there was
no COX-2 expression in macrophages or epithelial cells from
patients who died of a noninflammatory condition, namely pul-
monary edema secondary to ischemic heart disease. The lungs of
patients who died of nonrespiratory causes showed very weak or
no cytoplasmic staining for COX-2 in the alveoli (figure 3H).

Soluble factors secreted by H5N1-infected macrophages are
potent inducers of COX-2 and cytokines in alveolar epithelial
cells. Because we determined that H5NT1 infection of lung ep-
ithelial cells does not directly lead to induction of COX-2, the
extensive expression of COX-2 in lung epithelial cells in autopsy
samples from patients infected with H5N1 is unlikely to be
caused directly by viral infection. Indeed, viral antigen was
scarcely detectable in the autopsy specimens from these patients
[7-9]. Because the expression of COX-2 can be induced by in-
flammatory mediators such as cytokines, we developed an in
vitro cell model to investigate the proinflammatory cascade,

mimicking the macrophage—epithelial cell interaction. Culture
supernatants of human macrophages infected with influenza A
virus were collected 6 h after infection, filtered to remove any
infectious virus, and added to uninfected human epithelial
(A549) cells. COX-2 expression was markedly upregulated in
epithelial cells challenged with supernatant from H5N1-infected
macrophages, more so than in those challenged with superna-
tants from H1NI-infected cells (figure 4A). There was no evi-
dence of virus infection in these epithelial cells, as determined by
RT-PCR for virus M gene. Together with the results suggesting
that COX-2 induction in macrophages is dependent on de novo
protein synthesis, these findings demonstrate that the hyperin-
duction of COX-2 is triggered in an autocrine and/or paracrine
manner.

We had previously reported increased expression of the pro-
inflammatory cytokine TNF-« in epithelial cells from autopsy
samples of lung tissue from patients infected with H5N1 [7]. In
contrast, H5N1 virus infection of lung epithelial cells did not
lead to induction of TNF-« in vitro [12]. We can now explain
these apparently contradictory observations with the novel find-
ing that TNF-o was strongly upregulated in epithelial cells
treated with supernatants collected from H5N1-infected macro-
phages (figure 4B). In addition to COX-2 and TNF-«, CCL-2/
MCP-1, CXCL-10/IP-10, IL-13, IL-6, and TRAIL were hyperin-
duced by secretory factors from H5N1, compared with HIN1-
infected cells (figure 4C—4G). The hyperinduction of COX-2
and the cytokines peaked at 3 h after treatment, with the excep-
tion of TRAIL, which peaked later.

Soluble mediators secreted by lipopolysaccharide (LPS)-
treated macrophages are potent inducers of COX-2 and cyto-
kines in alveolar epithelial cells. Because COX-2 was also
upregulated in lung epithelial cells from patients who had fatal
acute bacterial pneumonia, we investigated whether COX-2 ex-
pression in epithelial (A549) cells in vitro is directly stimulated
by LPS or is the result of paracrine effects of soluble factors from
LPS-stimulated macrophages. Although LPS alone had little ef-
fect, the supernatant of LPS-treated macrophages significantly
upregulated the expression of COX-2 and other cytokines in
A549 cells (figure 5). This suggests that the proinflammatory
cascade may also contribute to the prominent COX-2 expression
observed in epithelial cells in fatal acute bacterial pneumonia.

Attenuation of cytokine expression by selective COX-2
inhibitors. The selective COX-2 inhibitor nimesulide was
used to further investigate the role of COX-2 in the proinflam-
matory response hyperinduced by H5N1. Nimesulide attenu-
ated expression of cytokines such as CCL-2/MCP-1, at both
mRNA and protein levels, in a dose-dependent manner (figure
6A and 6B). Expression of all cytokines tested was significantly
attenuated by 600 wmol/L nimesulide in macrophages infected
with either H5N1 (483/97 [H5N1] or 3212/04 [H5N1]) or HIN1
(figure 6C). Another selective COX-2 inhibitor, NS-398, showed
a similar effect at 400 wmol/L (data not shown).
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Figure 2. Induction of cyclooxygenase-2 (COX-2) and cytokines in macrophages infected with HIN1 virus or H5N1 virus (3213/04 [H5N1] or 483/97
[H5N1]). Human monocyte—derived macrophages were infected with 3212/04 (H5N1), 483/97 (H5N1) or HINT (MOI = 2). RNA was extracted from the
cells 6 h after infection. After cDNA synthesis, mRNA expression of (4) COX-2, (B) tumor necrosis factor (TNF)—c, (C) CCL-2/MCP-1, (D) CCL-5/RANTES,
(E) CXCL-10/IP-10, (F) interleukin (IL-18, (G) IL-6, (H) interferon (IFN)—a1, (/) IFN-B, and (J) TRAIL was assayed by real-time polymerase chain reaction.
Both 483/97 (H5N1) and 3212/04 (H5N1) induced markedly higher levels of COX-2 and cytokines than did HIN1. Data shown are the n-fold changes
of gene expression relative to mock-infected contrals, after normalizing to B-actin in each sample. Representative data for duplicate experiments in
which 2 different macrophage donors were used and means of triplicate assays are shown.
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Figure 3. Cyclooxygenase-2 (COX-2) expression in the lung epithelial cells of persons who died of H5N1 infection. Immunohistochemistry for COX-2
protein in H5N1-infected lungs showed strong cytoplasmic staining in (A) bronchial epithelial cells and (B) pneumocytes. C. Double staining for COX-2
(3,3"-diaminobenzidine tetrahydrochloride [DAB], brown) and cytokeratin antigen (fluorescein isothiocyanate [FITC], green) in cells from a patient with fatal HSN1
pneumonia demonstrated cytoplasmic staining of basal cells and ciliated cells (white arrows). COX-2 was expressed in (D) cytokeratin-positive alveolar epithelial
cells (white arrows) but not in (E) macrophages, as identified by the CD68 macrophage marker (FITC, green) (white arrows). F, COX-2 was strongly
expressed in pneumocytes in fatal acute bacterial pneumonia. G, Double staining for COX-2 (DAB, brown) and CD68 macrophage marker (FITC, green)
in cells from a patient with fatal acute bacterial pneumonia showed COX-2 expression in epithelial cells but little in macrophages (white arrows). H,
Representative data from 2 lung tissue samples obtained from persons who died of nonrespiratory causes showed little or no staining for COX-2.

Because the expression of viral M gene was also suppressed by
nimesulide in a dose-dependent manner (figure 6D), it is uncer-
tain whether or not the observed reduction in the induction of
cytokines was partly or wholly due to suppression of viral repli-
cation. To further investigate the role of COX-2 in the proin-
flammatory cascade distinct from the confounding effect of viral
replication, virus-filtered supernatants from human macro-
phages infected with influenza A virus with or without nimesu-
lide treatment were added to uninfected epithelial cells and the
resulting effect on cytokine expression was determined. Super-
natant from influenza A virus—infected macrophages that had
been pretreated with nimesulide induced lower levels of cyto-
kine expression in epithelial cells than did supernatant from
macrophages not treated with nimesulide (figure 7A). Further-

more, treatment of uninfected epithelial cells with nimesulide
(figure 7B) led to suppression of the cytokines induced by treat-
ing these cells with supernatants from influenza A virus—infected
macrophages.

DISCUSSION

In this study, we have provided evidence that the effects of the
proinflammatory cascade are rapid and that the proinflamma-
tory mediators induced by the cascade are more diverse than
those induced by direct influenza virus infection. Moreover, we
found that lethal H5N1 viruses induce the proinflammatory cas-
cade to levels that are much higher than those induced by a
seasonal HINT1 virus, which may explain, at least in part, why
H5NI1 virus is so pathogenic in humans. This increased patho-
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Figure 4. Induction of cyclooxygenase-2 (COX-2) and cytokines in alveolar epithelial cells by soluble mediators secreted by H5N1-infected
macrophages. Human monocyte—derived macrophages were infected with 483/97 (HSN1) or HIN1 (MOl = 2) or mock infected. At 6 h after infection,
supernatant was harvested and filtered to remove viruses. The filtrate was applied to alveolar type-Il epithelial A549 cells. RNA was extracted from
the A549 cells at 1, 3, and 6 h after treatment, reverse transcribed to cDNA, and the expression of COX-2 and cytokine mRNA was assayed by real-time
polymerase chain reaction. A, COX-2 expression was markedly upregulated by the supernatant collected from 483/97 (H5N1)-infected cells, peaking
at 3 h after challenge. Supernatant collected from H1N1-infected macrophages caused only a small increase in COX-2 expression. Comparable findings
were observed for other cytokines such as (B) tumor necrosis factor (TNF}-«, (C) CCL-2/MCP-1, (D) CXCL-10/IP-10, (Ejinterleukin (IL}-1p, (F) IL-6, and
(G) TRAIL. Data shown are n-fold changes of gene expression relative to mock-infected controls, after normalizing to B-actin in each sample.
Representative data for duplicate experiments (for macrophages, 2 different donors were employed) and means of triplicate assays are shown.

genicity is unlikely to be due to differences in virus replication
competence, because we were able to show that the levels of viral
M gene for HIN1 and H5N1 infection are comparable, indicat-
ing that there are no major differences in viral gene transcription
between these viruses.

Moreover, our novel findings demonstrate that soluble fac-
tors from H5N1-infected macrophages trigger a cascade of cyto-
kine production in uninfected bystander epithelial cells, as well
as other potent proinflammatory mediators, such as COX-2 and
TNEF-a, that are not normally induced by direct influenza infec-

tion in epithelial cells in vitro, as shown in our previous study
[12]. Therefore, not only is it the case that the proinflammatory
cascade triggered is rapid, but the range of proinflammatory me-
diators is also broader than that induced by direct viral infection.
In addition, these findings in vitro are paralleled by those in vivo,
as we have shown that autopsy tissue from patients with H5N1
disease shows extensive induction of COX-2 and TNF-« [7] in
epithelial cells. Because virus antigen was scarce in the lung tis-
sues that show COX-2 and TNF-a expression, these findings
support the hypothesis that the cytokine cascade sustains itself
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Figure 5. Induction of cyclooxygenase-2 (COX-2) and cytokines in alveolar epithelial cells by soluble mediators secreted by lipopolysaccharide
(LPS)-treated macrophages and by direct LPS stimulation. Human monocyte—derived macrophages were treated with LPS at 10 ng/mL for 1 h; the
supernatant was then harvested and used to treat A549 alveolar type-Il epithelial cells. A549 cells were also treated with 10 ng/mL LPS for comparison.
RNA was extracted from the cells at 1, 3, and 6 h after infection; after cDNA synthesis, COX-2 and cytokine expression was assayed by real-time
polymerase chain reaction. Expression of (A) CCL-2/MCP-1, (B) CXCL-10/IP-10, (C) tumor necrosis factor (TNF)—«, (D) CCL-5/RANTES, (E) interleukin
(IL}-6, and (F) COX-2 was markedly more upregulated after challenge with supernatant from the LPS-stimulated macrophages than after direct challenge
with LPS. Data shown are n-fold changes of gene expression relative to mock-infected controls, after normalizing to B-actin in each sample.
Representative data for duplicate experiments (for macrophages, 2 different donors were employed) and means of triplicate assays are shown. S,

supernatant from LPS-stimulated macrophages.

even when viral replication has largely been controlled [7-9].
Because we have shown that influenza virus infection of epithe-
lial cells does not directly trigger COX-2 or TNF-« induction, it
must be concluded that the expression of these mediators in the
lung in the absence of significant viral replication is more likely
due to a self-sustaining cytokine cascade than ongoing viral rep-
lication, at least in the later stages of the illness. Taken together,
these findings provide strong evidence supporting the hypothe-
sis that excessive induced host inflammatory responses indeed
play a major role in contributing to the severity of human H5N1
disease.

The activation of the proinflammatory cascade will result in
increased chemotaxis, vascular permeability, and other inflam-
matory responses. Such responses may be protective at the level
of activation observed with HIN1 infection, but the much
greater proinflammatory activity seen during H5N1 infection
could well have pathological consequences, such as ARDS, and it
may explain the high mortality rate that is frequently associated

with human H5N1 infection [3, 23]. It is accepted that the hy-
perinduction of cytokines contributes to the pathophysiology of
ARDS in sepsis [24, 25]. In this study, we found extensive COX-2
expression in lung epithelial cells from autopsy specimens from
patients with fatal acute bacterial pneumonia, which provides
parallels between the role of COX-2 in causing ARDS in patients
with bacterial sepsis as well as H5N1 disease.

The ability of selective COX-2 inhibitors to attenuate the in-
duction of a number of proinflammatory cytokines in influenza
virus—infected macrophages suggests that COX-2 has a role in
the regulation of the proinflammatory cascade. Nimesulide was
also able to decrease the transcription of viral M gene, suggesting
that nimesulide may suppress viral replication. It is possible that
the decrease in cytokine induction could, at least in part, be at-
tributed to decrease in viral replication. To further demonstrate
that COX-2 is indeed involved in mediating the induction of
proinflammatory cytokines, we designed experiments to show
that nimesulide reduces the induction of proinflammatory cyto-
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Figure 6. Nimesulide's effect on cytokine expression and secretion. A, mRNA level. Human monocyte—derived macrophages were pretreated with
different concentrations of nimesulide or drug-vehicle control for 1 h before infection with HSN1 or HIN1 virus (MOl = 2). After 6 h of infection in the
presence of nimesulide, RNA was extracted from the cells, and after cDNA synthesis, cytokine expression was assayed by real-time polymerase chain
reaction. Cytokines (CCL-2/MCP-1) induced by 3212/04 (H5N1), 483/97 (H5N1), and HIN1 were attenuated by nimesulide in a dose-dependent manner.
Data shown are n-fold changes of gene expression relative to mock-infected controls, after normalizing to 8-actin in each sample. Representative data
for duplicate experiments in which 2 different macrophage donors were used and the means of triplicate assays are shown. B, Secretory protein level.
Human monocyte-derived macrophages were pretreated with nimesulide or drug-vehicle control for 1 h before infection with 3212/04 (H5N1) viruses
(MQI = 2). After 24 h of infection in the presence of nimesulide, the culture supernatant was harvested and the secreted cytokines were assayed in
duplicate by enzyme immunoassay. CCL-2/MCP-1 release was attenuated by nimesulide in a dose-dependent manner. Data shown are the mean of
duplicate macrophage culture (=SD). C, A panel of cytokines tested in this study showed attenuation in expression level at 600 wmol/L nimesulide
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dose-dependent manner. ND, not detectable.
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Figure 7. Influence of nimesulide (Nim) on cytokine expression in the proinflammatory cascade. A, Cytokine expression was attenuated in epithelial
cells challenged with supernatants from influenza A—infected macrophages that had been treated with 200 wmol/L nimesulide. B, Epithelial cells treated
with 200 wmol/L nimesulide showed attenuation in cytokine expression similar to that induced by supernatants from influenza A—infected macrophages.
Data shown are n-fold changes of gene expression relative to corresponding mock-infected controls, after normalizing to B-actin in each sample.
Representative data for duplicate experiments that used 2 different macrophage donors and the means of triplicate assays are shown.

kines elicited by soluble factors derived from H5N1-infected
macrophages. These experiments avoid the confounding effect
of viral infection because the macrophage supernatants have
been filtered to remove infectious virus. The current paradigm is
that COX-2 is induced by cytokines [26, 27], whereas here we
demonstrate that COX-2 drives and maintains the proinflam-
matory cascade via a complex positive feedback loop during
H5NI infection.

At present, early antiviral therapy with oseltamivir is the
mainstay for managing patients with H5N1 disease. However,
the clinical response to antiviral therapy has been variable, and
this has been attributed to a number of causes, including delayed

commencement of therapy, development of antiviral resistance
[28], and poor bioavailability of the oral drug in severely ill pa-
tients. Our finding that the cytokine cascade is maintained even
in the absence of significant virus infection in the lung suggests
that in addition to antiviral therapy, interventions to selectively
modulate this cascade may be needed. Our data points to one
such potential intervention: the inhibition of the COX-2 path-
way, which would attenuate the proinflammatory cascade and
possibly the pathology associated with it. Such an approach may
be more beneficial than attenuating the action of a single cyto-
kine such as TNF-a by use of direct antagonists. COX-2 inhibi-
tors are either already registered for clinical use or undergoing
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late phase clinical trials, and COX-2 inhibitors may also have the

added benefit of inhibiting viral replication.
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