














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 (4) 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
after influenza A infection in macrophages. O, Viral M gene transcription in influenza A—infected macrophages was attenuated by nimesulide in a
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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