
JOURNAL OF VIROLOGY, Nov. 2008, p. 11461–11466 Vol. 82, No. 22
0022-538X/08/$08.00�0 doi:10.1128/JVI.01071-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

NOTES

Role of Hypercytokinemia in NF-�B p50-Deficient Mice after H5N1
Influenza A Virus Infection�

Karoline Droebner, Sarah Julia Reiling, and Oliver Planz*
Friedrich-Loeffler-Institut, Institute of Immunology, Paul-Ehrlich Str. 28, D-72076 Tübingen, Germany
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During H5N1 influenza virus infection, proinflammatory cytokines are markedly elevated in the lungs of
infected hosts. The significance of this dysregulated cytokine response in H5N1-mediated pathogenesis remains
to be determined. To investigate the influence of hypercytokinemia, or “cytokine storm,” a transgenic mouse
technology was used. The classical NF-�B pathway regulates the induction of most proinflammatory cytokines.
Deletion of the p50 subunit leads to a markedly reduced expression of the NF-�B-regulated cytokines and
chemokines. Here we show that H5N1 influenza virus infection of this transgenic mouse model resulted in a
lack of hypercytokinemia but not in altered pathogenesis.

Infections with H5N1 influenza A viruses cause severe ill-
ness and high mortality rates in mammalian hosts (15, 21, 23,
30). It has been described previously that this critical disease
outcome is associated with a dysregulation of the immune
system involving elevated levels of proinflammatory cytokines
(cytokine storm or hypercytokinemia). This observation is
based on a large variety of studies demonstrating a marked
increase of cytokines and chemokines in the lungs of humans
and animals during H5N1 influenza A virus infection (2, 8, 12,
19). In addition, the combination of acute respiratory distress
syndrome, lymphopenia, and multiorgan failure characteristic
of H5N1 disease in humans has previously been associated
with cytokine dysregulation (6). It has been demonstrated in
vitro that H5N1 infection causes significantly greater expres-
sion of cytokines than that induced by seasonal H1N1 or H3N2
infections (5). Nevertheless, hypercytokinemia was also found
in macaques infected with the H1N1 influenza A virus respon-
sible for the “Spanish flu” pandemic (11). In contrast, recent
studies gave rise to a more controversial view on the role of
hypercytokinemia in H5N1-mediated pathogenesis. Studies us-
ing transgenic mice lacking one cytokine revealed no altered
pathogenesis after lethal H5N1 influenza virus infection (22,
25). However, hypercytokinemia is a multicytokine event (9,
24), so the effect of deleting only one cytokine might be of
limited significance. The possibility to interfere with the ma-
jority of cytokines and chemokines is provided by the manip-
ulation of the nuclear factor kappa B (NF-�B) pathway. The
transcription factor NF-�B plays a central role in the regula-
tion of a large variety of cellular events. It functions as a
regulator of the expression of inflammatory cytokines, chemo-
kines, immunoreceptors, and adhesion molecules. There are

two different NF-�B pathways (4). The expression of many
cytokines and chemokines involved in hypercytokinemia is reg-
ulated through the classical NF-�B pathway, which operates
through p50 and p65 subunits (18). Thus, using NF-�B p50
knockout mice for H5N1 infection represents a useful model to
study the influence of hypercytokinemia in the pathogenesis
after H5N1 infection.

To examine the local cytokine production in the lung after
H5N1 influenza virus infection of C57BL/6 wild-type (NF-�B
p50�/�), NF-�B p50�/�, and NF-�B p50�/� mice, multiple
cytokine assays were performed at 6 days post-H5N1 infection.
In our studies, we used a natural H5N1 field isolate, MB1
(A/mallard/Bavaria/1/2006), that is highly pathogenic to mice
without adaptation. An upregulation of IP-10, gamma inter-
feron (IFN-�), interleukin-6 (IL-6), MIG, macrophage inflam-
matory protein 1� (MIP-1�), RANTES, IFN-�, tumor necrosis
factor alpha (TNF-�), IL-2, and IL-10, but not IL-4, was found
in the lungs of infected wild-type mice (Fig. 1A to L). These
elevated mRNA levels correlated with protein expression of
the different chemokines and cytokines in the lung (data not
shown). NF-�B p50�/� (Fig. 1, gray bars) and NF-�B p50�/�

(Fig. 1, white bars) mice revealed a strong reduction of most
cytokines and chemokines after H5N1 infection. The amounts
of IL-2, RANTES, MIG, and IP-10 were more reduced in
NF-�B p50�/� mice than in NF-�B p50�/� mice (Fig. 1),
without an influence on the pathogenesis. The levels of
MIP-1� (Fig. 1K) and IP-10 (Fig. 1L) were equal to or even
higher than those in wild-type controls. One might argue that
the high levels of IP-10 and MIP-1 in wild-type and NF-�B
p50-deficient mice are responsible for the severity of disease or
pathogenesis. It was previously demonstrated that MIP-1-de-
ficient mice showed no significant difference in mortality com-
pared to wild-type animals after H5N1 infection (25). Ex-
periments with mice deficient in the IP-10 receptor
(CXCR3�/� mice) demonstrated identical virus replication
and mortality rates after H1N1 infection (27). Taken to-
gether, these results indicate that no hypercytokinemia was
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found in NF-�B p50�/� and NF-�B p50�/� mice after in-
fection with the natural H5N1 field isolate. We next asked
how the lack of hypercytokinemia would influence the
pathogenesis in these animals after H5N1 influenza virus
infection.

First, the 50% lethal infectious dose was determined (20) for
wild-type, p50�/�, and p50�/� mice. Interestingly, H5N1 in-
fection of wild-type mice and both NF-�B p50-deficient strains
revealed similar 50% lethal dose titers, of 1.7 � 103 PFU for
p50�/� mice, 2.1 � 103 PFU for p50�/� mice, and 1.0 � 103

FIG. 1. mRNA levels of cytokines and chemokines at 6 days p.i. with 5 � 103 PFU H5N1 in NF-�B p50�/� (black bars), NF-�B p50�/� (gray
bars), and NF-�B p50�/� (white bars) mice after reverse transcriptase real-time PCR performed according to the manufacturer’s protocol
(Qiagen). (A) IL-2; (B) IL-4; (C) IL-10; (D) IL-6; (E) RANTES; (F) TNF-�; (G) IFN-�; (H) IFN-�; (I) IFN-�; (J) MIG; (K) MIP-1�; (L) IP-10.
The bars represent the mRNA levels for three infected mice compared to those for uninfected controls according to Boeuf et al. (3). This
experiment was performed twice with similar results. *, Student’s t test revealed no significant difference between the three NF-�B mouse strains
(P � 0.1). The amounts of cytokines were also analyzed at the protein level by use of Bio-Plex arrays, except for MIG, IP-10, and IFN-�, revealing
similar increases of expression (data not shown).
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PFU for p50�/� mice. For further experiments, all three
mouse strains were infected via the intranasal route with 5 �
103 PFU MB1 (H5N1). The mice were weighed and monitored
every day. According to German animal protection law, mice
were sacrificed when they lost 25 to 30% of their initial body
weight. In addition to weight progress and survival rates, the
onset and severity of disease were monitored. Surprisingly,
there were no differences in the onset of disease between the
three mouse strains. All mice developed the first disease symp-
toms by day 7 postinfection (p.i.). Within a few days, the
symptoms became severe and resulted in high disease scores
for all three mouse strains (Fig. 2A). Furthermore, all groups
of mice showed similar changes in body weight. The animals
lost weight immediately after infection. Within 9 days, all mice
had lost 30% of their initial body weight (Fig. 2B). The severe
symptoms accompanied by weight loss finally resulted in death.
Wild-type and p50�/� mice died by day 9 p.i., and p50�/� mice
succumbed to the infection within 8 to 10 days after H5N1
inoculation (Fig. 2C).

Next, we questioned whether viral tropism and virus loads
were altered after H5N1 infection. Therefore, we performed
virus titration of the organs by the Avicel method (16). Mice
were infected with 5 � 103 PFU, and the distribution of the
virus in the organs was investigated 6 days after infection.
Nearly the same virus loads were detected in the lungs, blood,
livers, spleens, hearts, and kidneys of infected animals. Inter-
estingly, no virus was detected in the brains (Table 1). This
experiment revealed no differences in viral load and viral tro-
pism in H5N1-infected NF-�B p50�/� or NF-�B p50�/� mice
compared to wild-type controls. As reported previously, influ-
enza A viruses need activation of the NF-�B signaling pathway,
resulting in activation of TRAIL and FasL. Furthermore,
caspase-3 activity is required for efficient nuclear export of the
viral RNP complex (13, 28, 29). Using real-time reverse tran-
scription-PCR, we demonstrated that TRAIL (Fig. 3A)- and
FasL (Fig. 3B)-specific nucleic acids were found in all mouse
strains after H5N1 infection, even though the amounts of
TRAIL and FasL were slightly reduced in NF-�B p50�/� and
NF-�B p50�/� mice. Nevertheless, TRAIL and FasL expres-
sion was sufficient to induce caspase-3 activity in the lungs of
NF-�B p50�/� and NF-�B p50�/� mice, as indicated by West-
ern blot analysis (Fig. 3C). These results demonstrate that the
NF-�B p50 subunit has no influence on TRAIL, FasL, and
caspase-3, all of which are required for efficient viral replica-
tion in vivo.

Since the transcription factor NF-�B is involved in the reg-
ulation of innate and adaptive immunity, we questioned
whether a lack of NF-�B would influence the immune cell
population after H5N1 infection. Therefore, we investigated
the numbers of lymphocytes in the blood of H5N1 influenza

FIG. 2. Disease indexes (A), weights (B), and survival rates (C) af-
ter H5N1 infection. Five female NF-�B p50�/� (black squares), p50�/�

(gray triangles), or p50�/� (open circles) mice at the age of 6 to 8
weeks, obtained from the animal breeding facilities at the Friedrich-
Loeffler-Institute, Federal Research Institute for Animal Health, Tüb-
ingen, Germany, were infected intranasally with 5 � 103 PFU H5N1
(A/mallard/Bavaria/2006) virus. For the estimation of the disease in-
dex, animals were scored with different points depending on their
health status. Healthy animals scored 0, animals with one symptom
(ruffled fur, reduction of normal activity rate, unnatural posture, or fast
breathing rate) scored 1, animals with two symptoms scored 2, animals
with three or more symptoms scored 3, and dead animals scored 4 for
the rest of the 14-day observation period. The graphs represent the
mean values for five animals. This experiment was performed twice
with comparable results.

TABLE 1. Distribution of MB1 H5N1 influenza virus after infection of NF-�B p50-deficient mice

Mouse group
(n 	 4)

Virus titer (log10 PFU/ml 10% organ homogenate) at day 6 p.i.a

Lung Brain Kidney Liver Spleen Blood Heart

p50�/� 4.8 
 0.3 �1.7 3.2 
 0.1 3.3 
 0.1 3.4 
 0.1 4.2 
 0.2 2.4 
 0.7
p50�/� 5.2 
 0.3 �1.7 3.1 
 0.2 3.4 
 0.1 3.5 
 0.1 4.0 
 0.2 2.6 
 0.1
p50�/� 5.2 
 0.1 �1.7 2.9 
 0.4 2.8 
 0.2 3.6 
 0.1 3.6 
 0.2 2.1 
 0.4

a The infectious dose was 5 � 103 PFU.
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virus-infected wild-type and NF-�B p50-deficient mice. Whole
blood samples were stained with fluorescent antibodies to de-
tect CD4� and CD8� T cells, CD19� B cells, and CD11b�

monocytes. The number of cells at 6 days p.i. was given as a
relative percentage of the number of cells prior to infection.
One hallmark of influenza A virus infection is an alteration in
the lymphocyte population, also known as lymphopenia (7, 26).
Consequently, one might expect a reduction of lymphocytes
already in wild-type mice after H5N1 infection. All three
mouse strains showed similar reductions of CD4� T cells after
the infection. Even though NF-�B p50�/� (Fig. 3, gray bars)
and p50�/� (Fig. 3, white bars) mice had increased numbers of

CD4� T cells compared to wild-type controls (Fig. 3, black
bars), Student’s t test revealed no significant differences in the
numbers of CD4� T cells. Similar reductions of CD8� T cells,
CD19� B cells, and CD11b� cells (Fig. 3D) were observed in
all three mouse strains 6 days after H5N1 infection. To sum-
marize the data on disease outcome, viral load, and lymphope-
nia, there was hardly any difference in the pathogenesis be-
tween wild-type and NF-�B p50-deficient mice after infection
with the H5N1 natural field isolate.

The results revealed no involvement of hypercytokinemia or
cytokine storm in H5N1-mediated pathogenesis. From our
data, one might argue that inhibition of the local cytokine

FIG. 3. mRNA levels of TRAIL (A) and FasL (B) in lungs of NF-�B p50�/� (black bars), p50�/� (gray bars) and p50�/� (white bars) mice at
6 days p.i. with 5 � 103 PFU H5N1 virus relative to those in uninfected mice after a reverse transcriptase real-time PCR performed according to
the manufacturer’s protocol (Qiagen). (C) Western blot analysis for the detection of cleaved caspase-3 (anti-cleaved caspase-3 antibody [Cell
Signaling]) in lungs of uninfected (left) and MB1 (H5N1)-infected (right) NF-�B p50�/�, p50�/�, and p50�/� mice at 6 days p.i. Detection of ERK
(anti-ERK; Santa Cruz Biotechnology) was used as a loading control. (D) Lymphopenia after H5N1 infection. Whole blood samples were stained
with fluorescent antibodies against CD3, CD4, CD8, CD19, and CD11b according to the manufacturer’s protocol (BD Pharmingen). Reductions
of CD4� T cells, CD8� T cells, CD19� B cells, and CD11b� cells in the blood of infected NF-�B p50�/� (black bars), p50�/� (gray bars), and
p50�/� (white bars) mice at 6 days p.i. with 5 � 103 PFU H5N1 virus are shown relative to the levels in uninfected mice. Numbers of lymphocytes
in the blood of uninfected mice were set at 100%. The bars represent the mean values for four animals. There were no significant differences in
the reduction of lymphocytes between the NF-�B p50-deficient mouse strains and C57BL/6 controls (P � 0.1). This experiment was performed
twice with similar results.
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response in the lung is not sufficient to reduce the lethality and
morbidity after infection with highly pathogenic avian influ-
enza virus. Consequently, our data support the view that early
interference with viral replication might be a more promising
therapeutic strategy in supporting host survival after infection
with a highly pathogenic influenza virus than inhibition of the
local cytokine response in the lung by glucocorticoid treatment
(22). Moreover, glucocorticoids inhibit the proliferation of an-
tigen-specific plasma B cells (1), which are crucial for control-
ling the viral spread to organs.

Using a transgenic mouse technology that allows inhibi-
tion of the cytokine response and a natural H5N1 field
isolate for our investigations, we cannot totally exclude the
influence of cytokine storm on H5N1-mediated pathology in
humans, in particular because influenza viruses easily mu-
tate. Thus, an antiviral approach that inhibits virus replica-
tion and interferes with cytokine expression might be very
promising for future therapeutic strategies. Previously, we
published a study showing that influenza virus replication is
dependent on the activation of the NF-�B signaling pathway
(28) and that the NF-�B inhibitor ASA efficiently blocks
influenza virus replication both in vitro and in vivo (17). In
addition, ASA interacts with a second immunoregulatory
pathway. It induces the proteasomal degradation of TNF
receptor-associated factor 2 (TRAF2) and TRAF6, leading
to diminished cytokine production (14). A recent publica-
tion identified the involvement of the Toll-like receptor
4–TRIF–TRAF6 pathway in cytokine production and lung
injury after inoculation with inactivated H1N1 or H5N1
viruses, revealing a potential role for oxidative stress and the
innate immune response as key regulators of lung injury.
Blocking the Toll-like receptor 4–TRIF–TRAF6 pathway
resulted in minor lung pathology (10). Thus, antiviral drugs
that also target cellular components, in particular the
NF-�B signaling pathway, might be candidates for future
therapeutic strategies against human infection with highly
pathogenic influenza A viruses.
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