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Influenza-specific immune activity not only promotes virus clearance but also causes
immunopathology, thereby underlining the importance of mounting a measured anti-
viral immune response. Since complement bridges both the innate and adaptive
immune systems and has been implicated in defence against influenza, the role of the
complement regulator CD59a in modulating the response to influenza was explored.
For this purpose, immune responses to influenza virus, strain E61-13-H17, in mice
deficient in the complement regulator protein CD59a (Cd59a–/– mice) were compared
to those in wild-type mice. The severity of lung inflammation was significantly
enhanced in the lungs of Cd59a–/– mice with increased numbers of infiltrating
neutrophils and CD4+ T cells. When complement was inhibited using soluble
complement receptor 1, the frequency of lung-infiltrating neutrophils in influenza-
infected Cd59a–/– mice was much reduced whilst numbers of CD4+ T cells remained
unchanged. These results demonstrate that CD59a, previously defined as a complement
regulator, modulates both the innate and adaptive immune response to influenza virus
by both complement-dependent and -independent mechanisms.

Introduction

Influenza virus infection represents a major health
problem, causing high morbidity and mortality world-
wide. Studies of mouse models have revealed that the
pathology resulting from influenza infection reflects
both direct virus-induced damage as well as indirect
effects of the immune response stimulated following
infection. Cells of the innate and adaptive immune

system have been implicated in virus-induced lung
pathology and the extent of cellular infiltration,
including neutrophils, eosinophils and T cells, has been
shown to correlate with the degree of lung damage
[1–5]. These cells migrate to the lungs, leading to
disruption and occlusion of airways [3, 5, 6]. Release of
pro-inflammatory cytokines and chemokines by both
infected and immune cells further promotes influenza-
induced pathology through direct effects on lung tissue
and by further recruitment of inflammatory cells and
Tcells to the site of infection [7–10]. The involvement of
the immune system in lung pathology is also corrobo-
rated by histological studies of lung biopsies of humans
with influenza pneumonia, which revealed the presence
of lymphocytic infiltrates in the injured tissue [11].

The complement system bridges both innate and
adaptive immunity and promotes migration of immune
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cells into lungs. Administration of cobra venom factor, a
potent activator of the complement system, has been
used to induce lung injury in a mouse model.
Complement activation products, generated as conse-
quence of systemic complement activation by cobra
venom factor, caused neutrophil migration and seques-
tration in lungs [12, 13]. Moreover, complement is
known to influence both virus-specific immune re-
sponses in the lung and lung injury [14–18]. In
particular, mice deficient in complement component
C3, the lynchpin of the complement cascade, display
reduced influenza virus-specific T cell responses in
infected lungs, implying that complement activation
plays an important role in T cell activation and/or
recruitment [12]. Collectively, these studies imply that
activation of the complement system markedly influ-
ences the extent of cellular infiltration into the lungs of
influenza-infected mice and, as a consequence, the
degree of lung damage.

We reasoned that defects in complement regulation
would also influence the clinical course of influenza
infection by permitting enhanced complement activa-
tion. In order to test this hypothesis, wild-type (WT)
mice and mice lacking CD59a, the membrane regulator
of complement membrane attack complex (MAC)
formation, were infected with influenza virus. A
comparison of the degree of cellular infiltration into
the lungs of both mouse groups revealed an enhanced
infiltration of neutrophils, CD4+ T cells and CD4/CD8
double-positive (DP) cells in the lungs of the Cd59a–/–

mice. This was accompanied by an increase in lung
pathology, observed by histology, in the mice lacking
Cd59a. Thus, our results demonstrate that clinical
disease following influenza infection is enhanced in
the absence of CD59a, and that severity correlated with
the infiltration of neutrophils and CD4+ T cells into the
lungs of the infected mice. Analysis of the role of
complement in the enhanced injury and inflammation in
the lungs of influenza-infected Cd59a–/– mice revealed
that increased neutrophil infiltration was dependent on
complement activation whilst enhancement of the CD4+

T cell response was complement-independent. These
results demonstrate that CD59a modulates the immune
response to influenza virus by both complement-
dependent and -independent mechanisms.

Results

Cd59a–/– mice exhibit increased lung pathology
compared to WT mice

Experimental influenza infection results in significant
lung injury that can be detected by histological study of
infected lungs. Cd59a–/– and WT mice were infected

with influenza virus (H17, H3N2) [19] intranasally (i.n.)
and lungs were evaluated 8 days post-infection by
analysing H&E-stained sections of influenza-infected
lungs. Stringent scoring of histological sections was
performed by two independent investigators blinded to
the various treatment regimes and mice used. Influenza-
infected WT mice showed a moderate increase in
leukocyte infiltration compared to uninfected mice
(representative sections in Fig. 1A–C). There was no
significant difference in lung pathology between naive
WT and Cd59a–/– mice. In contrast, Cd59a–/– mice
showed pronounced and significant elevation in all
parameters indicative of pulmonary injury resulting
from influenza infection, namely, the degree of
haemorrhage, interstitial leukocyte infiltration and
perivascular lymphoid aggregation (Table 1). Interest-
ingly, mild fibrosis was also noted in the Cd59a–/– mice
but was absent in all WT mice (data not shown).

Despite clear histological evidence of increased lung
pathology in Cd59a–/– compared toWTmice, no obvious

Figure 1. (A–C) Histological analysis of lung sections taken
from Cd59a–/–, WT and age-matched WT controls. Lung
histology (H&E stain) demonstrating pulmonary injury 8 days
after infectionwith influenza virus (n=9/group). Representative
views ofmouse lungs (�20 originalmagnification) fromWT (A)
or Cd59a–/– (B) mice infected with influenza are shown. A
representative section from an uninfected WT control (C) is
also included. In Cd59a–/– mice there is mild hyperplasia of
alveolar type-II cells and an extensive infiltrate of mono-
nuclear cells into the interstitium (arrows). The alveolar walls
contained dilated capillaries filled with RBC, with mild fibrotic
changes (f) and perivascular lymphocytic infiltrates (g). In the
healthy lung (C), the alveoli (a), alveolar septa (s) and alveolar
duct (d) are marked for comparison. (D) Mice on the Balb/c
backgroundwere infectedwith influenza virus andweight was
monitored daily. Results represent mean values � SEM of five
mice per group. Statistical significancewas evaluated using the
Student's t-test. p value was <0.02 at all time points measured
after infection.
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physical symptoms of influenza infection were observed
in either group. Since Balb/c mice are more likely to
develop clinical symptoms than C57BL/6 (B6) mice
following infectionwith the same dose of influenza virus
(T. Hussell, personal communication), we also investi-
gated the effect of CD59a on the outcome of influenza
virus infection in Balb/c mice. For this purpose, Balb/c

WT and Balb/c.Cd59a–/– mice (the latter kindly
provided by Professor Marina Botto, Imperial College,
London, UK) were infected with the same low dose of
influenza virus used to infect the B6 mice, and weight
loss was monitored daily. Infection resulted in rapid
weight loss in Balb/c.Cd59a–/– mice while body weight
in Balb/c.WT mice remained almost constant (Fig. 1D).

Table 1. Histological Analyses of Influenza-Infected Lungs

Haemorrhagea) Leukocyte infiltrationa) Perivascular lymphoid
aggregatesa)

Fibrosisa) Histological score
b)

WT

1 2.5�0.5 2.5�0.5 0 0 5�1

2 2.0�1.0 2.5�0.5 0 0 4.5�2.5

3 1.5�1.5 2.5�0.5 0 0 4�2

4 0.5�0.5 3.0�1.0 0 0 3.5�1.5

5 1.5�1.5 2.5�0.5 0 0 4�2

6 0 2�0 0 0 2�0

7 1.5�1.5 1.5�1.5 0 0 3�3

8 0 0 0 0 0

9 0.5�0.5 0 0 0 0.5�0.5

Mean�semc) 1.1�0.3 1.8�0.3 0 0 2.9�0.6

CD59–/–

1 1.0�1.0 2.5�0.5 0 0 3.5�0.5

2 3.0�0 5.0�0 2.0�0 0 10�0

3 3.0�0 5.0�0 2.5�0.5 0.5�0.5 11.5�0.5

4 3.0�0 4.0�1.0 1.5�1.5 0 8.5�2.5

5 3.0�0 5.0�0 3.0�0 0.5�0.5 11.5�0.5

6 3.0�0 4.0�0 0 0 7�0

7 3.5�0.5 4.0�0 2.0�2.0 0.5�0.5 10�3

8 3.0�0 3.5�1.5 1.0�0 0 7.5�1.5

Mean�semc) 2.8�0.2** 4.0�0.3* 1.5�0.4** 0.2�0.1 8.6�0.8*

Naive

WT 0 0 0 0 0

CD59–/– 0 0 0 0 0

a) The severity of these parameters have been graded by two blinded observers
b) Cumulative histological scores for each parameter for each CD59–/– and WT are presented.
c) The sum of scores for these pathological indices comprised the histological score for each section (mean�sem). There was no

evidence of pathological change in either na�ve CD59–/– and WT mice, each having a histological score of 0, respectively. No
necrosis or granuloma was observed in any of the sections assessed. * p<0.001 and ** p<0.005 (Mann Whitney U test).
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Enhanced neutrophil and CD4+ T cell lung
infiltration in infected Cd59a–/– mice

In order to compare cellular infiltrates in the lungs ofWT
and Cd59a–/– mice on the B6 background, lungs were
harvested 3 and 8 days post-infection with influenza
virus, and the different cell types analysed by flow
cytometry. No difference was observed in the extent of
NK cell, macrophage and eosinophil recruitment
between the groups of mice (data not shown), but
higher numbers of neutrophils were observed in the
lungs of Cd59a–/– compared to WT mice (Fig. 2A).
Influenza infection of Balb/c.Cd59a–/– mice replicated
the previous findings with B6.Cd59a–/– mice in that the
degree of cellular infiltration was enhanced in mice

deficient for CD59 compared to their WT counterpart
(data not shown).

Total numbers of lung-infiltrating lymphocytes were
analysed by flow cytometry at day 3, 8 and 12 post-
infection. Both Cd59a–/– andWT B6mice showed a peak
of T cell infiltration at day 8 post-infection that
decreased significantly by day 12 (Fig. 2B, C). No
significant difference was observed in numbers of
lung-infiltrating CD8+ T cells between the groups of
mice (Fig. 2B). The number of CD4+ T cells recovered
from the lungs at day 3 post-infection was strikingly
higher in Cd59a–/– compared to WT mice (Fig. 2C).
Similar results were observed at day 8 post-infection
and by day 12, numbers of CD4+ T cells in lungs were
similar for both groups of mice. Similar results were
obtained using Balb/c.Cd59a–/– mice when compared to
the relevant controls (data not shown). The total
numbers of infiltrating cells in Balb/c.Cd59a–/– mice
were greater than in B6.Cd59a–/– mice, correlating with
the more pronounced clinical symptoms observed in this
strain.

CD4/CD8 double-positive cells in the lungs of
infected mice

Phenotypic analyses of the cells infiltrating the lungs of
influenza-infected mice revealed a large population of
CD4/CD8 DP lymphocytes (Fig. 3A). These cells were
analysed by two-colour flow cytometry at day 3 and 8
post-infection. At 3 days post-infection (Fig. 3B), CD4/
CD8 DP cells were observed in the lungs of both WTand
Cd59a–/– B6 mice but significantly higher percentages
were observed in Cd59a–/– mice. No DP cells were
observed in either group by day 8 post-infection (data
not shown). The percentages of the DP cells varied
between 1% and almost 80% in Cd59a–/– mice but did
not exceed 40% in WT mice. CD4/CD8 DP cells were
also found in the draining lymph nodes of Cd59a–/– mice
but not in the draining lymph nodes of WT mice
(Fig. 3C).

CD4/CD8 DP cells are present in the thymus where
they differentiate into either CD4 or CD8 single-positive
cells before emigrating into the periphery. By staining
with a panel of antibodies, we found that the DP cells in
the lungs and lymph nodes of influenza-infected mice
resembled those found in the thymus (TCRlow

CD4intermediate CD8high CD25low CD62Llow) (data not
shown).

To explore the possibility that the DP cells were
immature thymocytes that had emigrated prematurely
from the thymus in response to virus infection, mice
were thymectomized, infected 2 wk later with influenza
virus and lungs harvested 3 days post-infection. The
experiment was performed in Cd59a–/– mice due to the
higher number of CD4/CD8 DP cells recruited in lungs

Figure 2. Increased immune cell recruitment in the lungs of
influenza-infected Cd59a–/– mice. Cd59a–/– and WT mice (n=5/
group) were infected i.n. with influenza virus. Lungs were
harvested at the times indicated and lung-infiltrating neu-
trophils (A) CD8+ (B) and CD4+ T cells (C) were enumerated by
flow cytometry. Neutrophils were identified as SSChigh CD11b+

Gr1high F4/80–. Each symbol represents an individual mouse.
Means are represented in all graphs. Statistical significance
was evaluated using Student's t-test.
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after influenza infection. Whilst CD4/CD8 DP cells were
found in 70% of control Cd59a–/– mice, none were found
in any of the thymectomized mice, confirming a thymic
origin for the DP cells (Fig. 3B). The functional

significance of these DP cells remains unclear since
we found that the cells were unable to produce IL-4 or
IFN-c after stimulation with PMA and ionomycin (data
not shown). The DP cells may not participate in the anti-
influenza immune response and their presence in the
lung may simply be a consequence of an inflammatory
process occurring in the vicinity of the thymus.

Enhanced influenza-specific CD4+ T cell activity
in Cd59a–/– mice

As shown in Fig. 2C, an increased frequency of single-
positive CD4+ T cells was observed in the lungs of
influenza-infected Cd59a–/– compared to WT B6 mice.
In order to study the function of these cells, intracellular
cytokine staining was performed to assess IFN-c
production by the lung-infiltrating CD4+ T cells in
Cd59a–/– and WT mice. IFN-c-producing cells were
mainly detected at day 8 post-infection and the number
was significantly higher in Cd59a–/– compared to WT
mice (Fig. 4A). To determine whether the increase in the
number of CD4+ T cells in the lungs of Cd59a–/– mice
was due to an increase in the activity of antigen-specific
T cells, influenza-specific CD4+ T cell proliferation was
examined. Cd59a–/– and WT mice were infected with
influenza virus, and CD4+ T cells purified from spleens
at day 8, 12 and 42 after infection. Influenza-specific
proliferation of CD4+ T cells was significantly increased
in Cd59a–/– compared to WT mice at all time points
tested (Fig. 4).

Role of complement in enhanced lung infiltration
in Cd59a–/– mice

CD59a expression was previously described in the
alveoli and the bronchial epithelium in mouse lungs
[20]. The absence of CD59a in the Cd59a–/– mice has
been associated with increased complement activation

Figure 4. Cd59a–/– mice exhibited increased CD4+ T cell activity
following influenza infection. (A) Cd59a–/– and WT mice (n=6/
group) were infected i.n. with influenza virus. Lungs were
harvested and homogenates were stimulated with PMA/
ionomycin for 4 h. CD4+ IFN-c-producing T cells were en-
umerated by flow cytometry. Each symbol represents an
individual mouse. Means are represented in all graphs. (B)
After 8, 12 and 42 days, CD4+ T cells were purified from
splenocytes and stimulated with APC loaded with UV-inacti-
vated virus. Influenza-specific proliferation was detected by
[3H]thymidine incorporation at day 6. Stimulation index (SI)
was calculated by dividing specific cpm by the background.
Mice were analysed individually and values shown are the
mean � SEM (n=3/group). The results are representative of two
independent experiments. Statistical significance was evalu-
ated using Student's t-test.

Figure 3. Increased frequency of CD4/CD8 DP cells in Cd59a–/– mice. Mice were infected with influenza virus and the number of
infiltrating CD4/CD8DP cells analysed. A representative dot plot of CD4/CD8 expression is shown in (A). Three days post-infection,
lungs (B) and LN (C) were harvested and analysed for the presence of CD4/CD8 DP cells enumerated by flow cytometry. Cd59a–/–

micewere thymectomized and, after 2 wk,micewere infectedwith influenza virus. Presence of CD4/CD8DP cellswas analysed in
lungs 3 days after infection (B). Non-thymectomized mice were used as controls. Each symbol represents an individual mouse
(n=6/group). Means are indicated in all graphs. Statistical significance was evaluated by Student's t-test.
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and MAC deposition in several diseases [21, 22].
Staining for MAC in B6 mice infected with influenza
virus revealed amore extensive deposition of MAC along
the respiratory airways of CD59a–/– compared to WT
mice (Fig. 5A). In order to assess the effect of
complement activation on cellular infiltration into the
lungs of WT and Cd59a–/– mice, complement was
inhibited by daily injection of sCR1 (i.v.) for the first
3 days of influenza infection as previously described
[23]. After 3 days, lungs were harvested and total
numbers of infiltrating cells analysed by flow cytometry.

No change in numbers of CD8+ T cells, NK cells,
macrophages or eosinophils was observed in Cd59a–/–

mice after sCR1 administration, whereas the number of
neutrophils infiltrating in the lungs of these mice was
significantly reduced and was not different from levels
found in infected WT mice after complement inhibition
(Fig. 5B). In contrast, numbers of infiltrating CD4+

T cells remained unchanged after sCR1 administration,
indicating that modulation of the CD4+ T cell response
by CD59a in experimental influenza infection is
complement-independent (Fig. 5C).

Discussion

The immune response to influenza virus represents a
double-edged sword; mounting an adequate response is
crucial for virus clearance, but over-exuberant recruit-
ment of immune cells into the lung can result in tissue
damage [6, 24]. Indeed, the extent of the innate and
adaptive immune response to influenza virus infection

in experimental mouse models correlates with the
extent of lung injury, weight loss and mortality.
Complement bridges both the innate and adaptive
immune systems, is known to cause activation and
migration of leukocytes, and has been implicated in
defence against influenza [14]. Roles of complement
regulators in modulating the response to influenza have
not previously been explored.

Here we analysed whether the complement regulator
CD59a influences the immune response to influenza
virus. Histological studies of lung sections revealed
increased lung injury in influenza-infected mice lacking
CD59a. This was accompanied by an enhanced infiltra-
tion of neutrophils and lymphocytes into the lungs of
infected mice that may contribute to lung injury through
direct cytotoxicity and/or the release of immune
mediators that further amplify the inflammatory
infiltrate [12, 25, 26]. A parallel study in Balb/c mice
indicated that Balb/c mice lacking CD59a showed
increased disease, monitored by cellular infiltration of
the lungs and weight loss following infection, when
compared with WT Balb/c controls.

In order to establish the role of complement, we
treated Cd59a–/– and WT mice with the soluble
complement inhibitor sCR1 over the course of infection.
Treatment with sCR1 did not significantly alter influ-
enza-induced neutrophil infiltration in WT mice but
markedly reduced neutrophil influx in Cd59a–/– mice,
reaching levels similar to those found in WTmice. These
findings show that the augmented neutrophil response
in Cd59a–/– mice was due to enhanced complement
activation. Absence of CD59a, by rendering cells more

Figure 5. Enhanced influenza-induced lung inflammation in Cd59a–/– mice is mediated by complement-dependent and
-independent mechanisms. (A) MAC deposition was analysed by C9 staining on lung sections. Representative views of mouse
lungs (�40 original magnification) from WT (top) or Cd59a–/– (bottom) mice infected with influenza are shown. Arrowheads
indicate lung airway epithelium staining. (B, C) Complement was inhibited in vivo by administration of sCR1 (i.v.) daily and mice
were infected with influenza virus. After 3 days, lungs were harvested and total numbers of lung-infiltrating neutrophils (B) and
CD4+ T cells (C) were determined by flow cytometry. Each symbol represents an individual mouse (n=5/group). Means are
represented in all graphs. Statistical significance was evaluated using Student's t-test.
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susceptible to MAC-mediated damage or killing, might
indirectly cause enhanced local complement activation
and generation of complement activation products such
as the anaphylatoxins C3a and C5a. Both C3a and C5a
have been shown previously to act as chemoattractants
for neutrophils and may be responsible for directing the
migration of neutrophils into influenza-infected lungs
([27], reviewed in [28]). In addition, it has been
demonstrated that MAC formation can indirectly
influence the recruitment of inflammatory cells. For
example, deposition of sub-lytic amounts of MAC on
human endothelial cells in vitro promotes production of
IL-8 and MCP-1, chemokines for neutrophils and
monocytes, respectively [29, 30]. Inhibition of comple-
ment had no effect on neutrophil numbers in WT mice,
probably due to the efficient natural regulation of
complement activation in these mice.

Higher numbers of lung-infiltrating CD4+ T cells
were observed in influenza virus-infected Cd59a–/– mice
compared to WT mice on days 3 and 8 post-infection,
but by day 12 this difference no longer existed. CD4+

T cells from both groups of mice produced equal
amounts of IFN-c on a per cell basis, but the greatly
increased numbers of lung-infiltrating CD4+ T cells in
Cd59a–/– mice resulted in higher total levels of the
cytokine, which is known to have direct anti-viral effects,
at the site of virus replication. Mice were infected with
low doses of the H17 virus and virus levels were
undetectable in Cd59a–/– and WT mice at day 8, a time
point described as the peak of infection [31, 32],
indicating that both groups of mice efficiently controlled
the virus.

Since it has previously been reported that comple-
ment activation promotes the activity of influenza-
specific Tcells in the lungs, it was possible that the effect
of CD59a on T cell activity was an indirect effect
attributable to increased complement activation [14, 33,
34]. However, inhibition of complement activity using
sCR1 did not alter the enhancement of CD4+ T cell
responses observed in the Cd59a–/– mice, indicating that
the effect of CD59a deficiency on CD4+ T cell activity
was complement-independent. These data support our
previous finding from studies of vaccinia virus infection
that CD59a expression down-modulates the activity of
anti-viral CD4+ T cells in a complement-independent
manner [23, 35]. The precise mechanism through which
CD59a down-modulates T cell activity is not yet known
but evidence suggests that a negative signal is delivered
to the T cell as a result of CD59a binding to an as yet
unidentified ligand on APC [23, 35].

Analysis of cells infiltrating the lungs of influenza-
infected WTand Cd59a–/– mice revealed a population of
CD4/CD8 DP cells appearing early in the course of
infection. Higher numbers were observed in the lungs of
Cd59a–/– mice compared to WT mice, and DP cells were

found in the draining lymph nodes only in Cd59a–/–

mice. Phenotypic examination indicated that these cells
resembled immature DP T cells isolated from thymus.
Thymic origin was confirmed by showing that DP cells
were not found in mice thymectomised prior to
influenza infection. CD4/CD8 DP cells have been found
previously in mice infected with influenza virus in the
NIH/S mouse strain. These cells were found in the lung
within days of infection, and were CD4intermediate

CD8high DP cells that did not express TCR and did not
produce IFN-c upon stimulation [36]. These findings
correlate with our findings and suggest that these cells
play no role in anti-viral immunity and do not impinge
upon the course of infection or pathology. The increased
incidence of DP cells in influenza-infected Cd59a–/–

mice compared to WT mice is most likely a consequence
of the more profound inflammatory response to
influenza virus observed in these mice.

Overall, the results of experiments described in this
study indicate that influenza-induced immunopathol-
ogy is exacerbated in mice lacking CD59a. Increased
pathology correlated with higher numbers of lung-
infiltrating neutrophils and CD4+ Tcells. Whilst a robust
immune response is clearly critical for virus clearance
and survival of the host, it is also important that the
immune system is kept in check since over-exuberant
immune responses can result in deleterious effects on
the host leading to increased morbidity and mortality.
Our findings identify the complement regulator CD59a
as a regulator of the host response to influenza infection
both by impinging on complement-driven responses and
by directly down-modulating antiviral T cells. If human
CD59 is shown to have a similar role in modulating
human CD4+ T cells it is possible that targeted use of
recombinant CD59 may be useful for limiting immuno-
pathology at sites of inflammation.

Materials and methods

Mice

B6 (H-2b)mice (WT)were obtained fromHarlan (Oxford, UK).
B6.129-Cd59atm1Bpm (Cd59a–/–) mice were generated as
previously described [37] and back-crossed onto the B6
background for eight generations. Cd59a–/– mice back-crossed
eight generations onto the Balb/c background were kindly
provided by Professor Marina Botto (Imperial College, London,
UK). Mice used in the experiments were approximately 6 wk
old and bred in isolators. During experimental procedures
mice were housed in Scantainers. All experiments were
performed in compliance with UK Home Office regulations.
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Antibodies and fluorescence staining

Anti-CD4-PerCPCy5.5, anti-CD8-Cy5 and anti-F4/80-Cy5 mAb
were purchased from Caltag Laboratories (Burlingame, CA).
Anti-IFN-c-FITC, anti-CD25-PE, anti-Gr1-PerCPCy5.5, anti-
CD11c-APC, anti-CD11b-FITC, anti-NK1.1-PE and anti-B220-
FITC mAb were purchased from BD PharMingen (San Diego,
CA). Directly conjugated antibodies were utilized for cell
surface staining. Cells were incubated with 0.5 lg/mL of
antibody for 30 min before washing and re-suspension in FACS
buffer (PBS + 2% FCS + 2 mM EDTA). Intracellular cytokine
staining was performed by incubating lung-derived lympho-
cytes for 4 h at 37�C in the presence of ionomycin (1 lg/mL),
PMA (20 ng/mL) and monensin (3 lM) (Sigma-Aldrich, St.
Louis, MO). Staining was performed according to the
manufacturer's instructions (BD PharMingen). In all cases,
cells were re-suspended in FACS buffer and analysed by flow
cytometry (FACSCaliburJ; Beckton Dickinson, Mountain View,
CA).

Infection with influenza virus and determination of
anti-virus response

Recombinant influenza A virus strain E61-13-H17 (H17,
H3N2) amplified in embryonated chicken eggs, was obtained
from the National Institute for Medical Research (London,
UK). The virus was titrated from allontoic fluid by performing a
haemagglutination assay as previously described [38]. Mice
were infected i.n. with 20 haemagglutination units of
Influenza virus H17 in 20 lL of PBS. Seroconversion was
confirmed by ELISA as described previously [38]. At day 3
and 8 after infection, mice were sacrificed and lungs perfused
with PBS. Lungs were harvested for virus titres, histology and
immunostaining, and spleens harvested for CTL and CD4+

T cell proliferation assays (day 8 post-infection). For cell
staining purposes, single-cell suspensions were prepared from
the lung tissue by mechanical disaggregation. In order to
measure memory anti-virus responses, spleens were harvested
approximately 6 wk after infection; then CTL and CD4+ T cell
proliferation assays were performed. In vivo complement
inhibition (>90% inhibition compared to control mice during
the experiment) was achieved by daily i.v. injections of mice
with 20 mg/kg of sCR1 (gift of T Cell Sciences) as previously
described [23]. Cell infiltration in lungs was analysed 3 days
post-infection.

Influenza virus-specific CD4+ T cell proliferation

CD4+ T cells from single-cell suspensions of splenocytes were
purified by positive MACS MicroBead selection (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the
manufacturer's instructions. Influenza-specific CD4+ T cell
proliferation assays were performed 8 and 42 days after
infection by incubating 105 CD4+ Tcells with 6�105 irradiated
irradiated splenocytes previously incubated with UV-inacti-
vated virus. Cell proliferation was assessed by thymidine
incorporation or CFSE FACS analysis at day 6.

Histology

Lungs were perfused with PBS and fixed in Zinc fixative (0.1 M
Tris-HCl pH 7.4 with 0.05% Ca-acetate, 0.5% Zn-acetate and
0.5% Zn-chloride) [39]. The lungs were then embedded in
paraffin wax, sections (5 lM) were cut and stained with
hematoxylin and then counterstained with eosin (H&E). The
sections were graded subjectively using various parameters
indicative of pulmonary inflammation, namely evidence of
haemorrhage (0–3), the degree of interstitial leukocyte
infiltration (0–5), the extent of perivascular lymphoid
aggregate formation (0–4) and the presence of fibrotic lesions
(0–1). The sum of the scores for each parameter comprised the
histological score (0–13) for each animal. Two investigators,
whowere blinded to the identity of each histological specimen,
scored each section.

For MAC deposition, lung paraffin sections were first
treated with H2O2 to eliminate endogenous peroxidase
activity. Sections were subsequently treated with 10% normal
swine serum to reduce non-specific staining. Sections were
then incubated with rabbit anti-rat C9 IgG (manufactured in
our laboratory and cross-reactive with mouse C9 [40]) or
control rabbit IgG followed by biotinylated swine anti-rabbit
Ig. Antibody labelling was detected using a high-sensitivity
streptavidin-horseradish peroxidase conjugate and diamino-
benzidine as chromogen (Vector Laboratories, Burlingame,
CA).

Acknowledgements: The authors wish to thank Dr. R.
James Matthews and Dr. Steve Man for critical reading
of the manuscript, Miss Hannah Richards for technical
advice and Professor Marina Botto for the kind gift of
mice. M. Paula Longhi is supported by a Prize Student-
ship awarded by The Wellcome Trust (Ref. No. 073055).
B. Paul Morgan is supported by a Wellcome Trust
Programme grant (Ref. No. 068590). A. Gallimore is
supported by an MRC Senior Fellowship (Ref.
No. G117/488). The authors have no conflicting finan-
cial interests.

References

1 Wong, J., Saravolac, E., Clement, J. and Nagata, L., Development of a
murine hypothermia model for study of respiratory tract influenza virus
infection. Lab. Anim. Sci. 1997. 47: 143–147.

2 Conn, C. A., McClellan, J. L., Maassab, H. F., Smitka, C. W., Majde, J. A.
and Kluger, M. J., Cytokines and the acute phase response to influenza virus
in mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1995. 268: R78–R84.

3 Enelow, R. I., Mohammed, A. Z., Stoler, M. H., Liu, A. N., Young, J. S.,
Lou, Y.-H. and Braciale, T. J., Structural and functional consequences of
alveolar cell recognition by CD8+ T lymphocytes in experimental lung
disease. J. Clin. Invest. 1998. 102: 1653–1661.

4 Taubenberger, J., Reid, A. and Fanning, T., The 1918 influenza virus: A
killer comes into view. Virology 2000. 274: 241–245.

5 Wells, M., Albrecht, P. and Ennis, F., Recovery from a viral respiratory
infection. I. Influenza pneumonia in normal and T-deficient mice. J.
Immunol. 1981. 126: 1036–1041.

6 Singer, S. H., Noguchi, P. and Kirschstein, R. L., Respiratory diseases in
cyclophosphamide-treated mice. II. Decreased virulence of PR8 influenza
virus. Infect. Immun. 1972. 5: 957–960.

Eur. J. Immunol. 2007. 37: 1266–1274 Immunity to infection 1273

f 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



7 Wiley, J. A., Cerwenka, A., Harkema, J. R., Dutton, R. W. and Harmsen,
A. G., Production of interferon-c by influenza hemagglutinin-specific CD8
effector Tcells influences the development of pulmonary immunopathology.
Am. J. Pathol. 2001. 158: 119–130.

8 Schmitz, N., Kurrer, M., Bachmann, M. F. and Kopf, M., Interleukin-1 is
responsible for acute lung immunopathology but increases survival of
respiratory influenza virus infection J. Virol. 2005. 79: 6441–6448.

9 Hussell, T., Pennycook, A. and Openshaw, P., Inhibition of tumor necrosis
factor reduces the severity of virus-specific lung immunopathology. Eur. J.
Immunol. 2001. 31: 2566–2573.

10 Xu, L., Yoon, H., Zhao, M. Q., Liu, J., Ramana, C. V. and Enelow, R. I.,
Cutting edge: Pulmonary immunopathology mediated by antigen-specific
expression of TNF-a by antiviral CD8+ T cells. J. Immunol. 2004. 173:
721–725.

11 Yeldandi, A. and Colby, T., Pathologic features of lung biopsy specimens
from influenza pneumonia cases. Hum. Pathol. 1994. 25: 47–53.

12 Mulligan, M., Watson, S., Fennie, C. and Ward, P., Protective effects of
selectin chimeras in neutrophil-mediated lung injury. J. Immunol.1993.151:
6410–6417.

13 Doyle, N. A., Bhagwan, S. D., Meek, B. B., Kutkoski, G. J., Steeber, D. A.,
Tedder, T. F. and Doerschuk, C. M.,Neutrophil margination, sequestration,
and emigration in the lungs of L-selectin-deficient mice. J. Clin. Invest. 1997.
99: 526–533.

14 Kopf, M., Abel, B., Gallimore, A., Carroll, M. and Bachmann, M. F.,
Complement component C3 promotes T-cell priming and lung migration to
control acute influenza virus infection. Nat. Immunol. 2002. 8: 373–378.

15 Kim, A. H. J., Dimitriou, I. D., Holland,M. C. H., Mastellos, D., Mueller, Y.
M., Altman, J. D., Lambris, J. D. and Katsikis, P. D., Complement C5a
receptor is essential for the optimal generation of antiviral CD8+ T cell
responses. J. Immunol. 2004. 173: 2524–2529.

16 Czermak, B., Lentsch, A., Bless, N., Schmal, H., Friedl, H. and Ward, P.,
Role of complement in in vitro and in vivo lung inflammatory reactions. J.
Leukoc. Biol. 1998. 64: 40–48.

17 Krug, N., Tschernig, T., Erpenbeck, V., Hohlfeld, J. and Kohl, J.,
Complement factors C3a and C5a are increased in bronchoalveolar lavage
fluid after segmental allergen provocation in subjects with asthma. Am. J.
Respir. Crit. Care Med. 2001. 164: 1841–1843.

18 Abe, M., Shibata, K., Akatsu, H., Shimizu, N., Sakata, N., Katsuragi, T.
and Okada, H., Contribution of anaphylatoxin C5a to late airway responses
after repeated exposure of antigen to allergic rats. J. Immunol. 2001. 167:
4651–4660.

19 Townsend, A. and Skehel, J., The influenza A virus nucleoprotein gene
controls the induction of both subtype specific and cross-reactive cytotoxic
T cells. J. Exp. Med. 1984. 160: 552–563.

20 Harris, C. L., Hanna, S. M., Mizuno, M., Holt, D. S., Marchbank, K. J. and
Morgan, B. P.,Characterization of the mouse analogues of CD59 using novel
monoclonal antibodies: Tissue distribution and functional comparison.
Immunology 2003. 109: 117–126.

21 Turnberg, D., Botto, M., Warren, J., Morgan, B. P., Walport, M. J. and
Cook, H. T.,CD59a deficiency exacerbates accelerated nephrotoxic nephritis
in mice. J. Am. Soc. Nephrol. 2003. 14: 2271–2279.

22 Williams, A., Mizuno, M., Richards, P., Holt, D. and Morgan, B. P.,
Deletion of the gene encoding CD59a in mice increases disease severity in a
murine model of rheumatoid arthritis. Arthritis Rheum. 2004. 50:
3035–3044.

23 Longhi, M., Sivassankar, B., Omidvar, N., Morgan, B. P. and Gallimore,
A., Cutting edge: Murine CD59a modulates anti-viral CD4+ T cell activity in
a complement-independent manner. J. Immunol. 2005. 175: 7098–7102.

24 Moskophidis, D. and Kioussis, D., Contribution of virus-specific CD8+

cytotoxic T cells to virus clearance or pathologic manifestations of influenza
virus infection in a T cell receptor transgenic mouse model. J. Exp. Med.
1998. 188: 223–232.

25 Kobasa, D., Takada, A., Shinya, K., Hatta, M., Halfmann, P., Theriault, S.,
Suzuki, H. et al., Enhanced virulence of influenza A viruses with the
haemagglutinin of the 1918 pandemic virus. Nature 2004. 431: 703–707.

26 Tumpey, T. M., Garcia-Sastre, A., Taubenberger, J. K., Palese, P., Swayne,
D. E., Pantin-Jackwood, M. J., Schultz-Cherry, S. et al., Pathogenicity of
influenza viruses with genes from the 1918 pandemic virus: Functional roles
of alveolar macrophages and neutrophils in limiting virus replication and
mortality in mice. J. Virol. 2005. 79: 14933–14944.

27 Martin, U., Bock, D., Arseniev, L., Tornetta, M. A., Ames, R. S., Bautsch,
W., Kohl, J. et al., The human C3a receptor is expressed on neutrophils and
monocytes, but not on B or T lymphocytes. J. Exp. Med. 1997. 186: 199–207.

28 Guo, R.-F. and Ward, P. A., Role of C5a in inflammatory responses. Ann.
Rev. Immunol. 2005. 23: 821–852.

29 Kilgore, K., Shen, J., Miller, B., Ward, P. and Warren, J., Enhancement by
the complement membrane attack complex of tumor necrosis factor-
a-induced endothelial cell expression of E-selectin and ICAM-1. J. Immunol.
1995. 155: 1434–1441.

30 Kilgore, K., Schmid, E., Shanley, T., Flory, C., Maheswari, V., Tramontini,
N., Cohen, H. et al., Sublytic concentrations of the membrane attack
complex of complement induce endothelial interleukin-8 and monocyte
chemoattractant protein-1 through nuclear factor-kappa B activation. Am. J.
Pathol. 1997. 150: 2019–2031.

31 Snelgrove, R., Edwards, L., Rae, A. and Hussell, T., An absence of reactive
oxygen species improves the resolution of lung influenza infection. Eur. J.
Immunol. 2006. 36: 1364–1373.

32 Liu, B., Mori, I., Hossain, M. J., Dong, L., Takeda, K. and Kimura, Y.,
Interleukin-18 improves the early defence system against influenza virus
infection by augmenting natural killer cell-mediated cytotoxicity. J. Gen.
Virol. 2004. 85: 423–428.

33 Karp, C., Grupe, A., Schadt, E., Ewart, S., Keane-Moore, M., Cuomo, P.,
Kohl, J. et al., Identification of complement factor 5 as a susceptibility locus
for experimental allergic asthma. Nat. Immunol. 2001. 1: 221–226.

34 Baelder, R., Fuchs, B., Bautsch,W., Zwirner, J., Kohl, J., Hoymann, H. G.,
Glaab, T. et al., Pharmacological targeting of anaphylatoxin receptors
during the effector phase of allergic asthma suppresses airway hyperrespon-
siveness and airway inflammation. J. Immunol. 2005. 174: 783–789.

35 Longhi, M. P., Harris, C. L., Morgan, B. P. and Gallimore, A., Holding
T cells in check – a new role for complement regulators? Trends Immunol.
2006. 27: 102–108.

36 Pentilla, J., Pyhala, R., Sarvas, M. and Rautones, N., Expantion of a novel
pulmonary CD3– CD4+ CD8+ cell population in mice during Chlamydia
pneumoniae infection. Infect. Immun. 1998. 66: 3290–3294.

37 Holt, D. S., Botto, M., Bygrave, A. E., Hanna, S. M., Walport, M. J. and
Morgan, B. P., Targeted deletion of the CD59 gene causes spontaneous
intravascular hemolysis and hemoglobinuria. Blood 2001. 98: 442–449.

38 Bachmann, M., Ecabert, B. and Kopf, M., Influenza virus: A novel method
to assess viral and neutralizing antibody titers in vitro. J. Immunol. Methods
1999. 225: 105–111.

39 Beckstead, J., A simple technique for preservation of fixation-sensitive
antigens in paraffin-embedded tissues. J. Histochem. Cytochem. 1994. 42:
1127–1134.

40 Jones, J., Laffafian, I. and Morgan, B., Purification of C8 and C9 from rat
serum. Complement Inflamm. 1990. 7: 42–51.

M. Paula Longhi et al. Eur. J. Immunol. 2007. 37: 1266–12741274

f 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu


