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choriomeningitis virus
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Cluster of differentiation (CD)8þ T cells are like a double edged sword during chronic viral infections because they not only
promote virus elimination but also induce virus-mediated immunopathology. Elevated levels of reactive oxygen species (ROS)
have been reported during virus infections. However, the role of ROS in T-cell-mediated immunopathology remains unclear. Here
we used the murine lymphocytic choriomeningitis virus to explore the role of ROS during the processes of virus elimination and
induction of immunopathology. We found that virus infection led to elevated levels of ROS producing granulocytes and
macrophages in virus-infected liver and spleen tissues that were triggered by the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase. Lack of the regulatory subunit p47phox of the NADPH oxidase diminished ROS production in these cells.
While CD8þ T cells exhibited ROS production that was independent of NADPH oxidase expression, survival and T-cell function
was elevated in p47phox-deficient (Ncf1� /� ) mice. In the absence of p47phox, enhanced T-cell immunity promoted virus
elimination and blunted corresponding immunopathology. In conclusion, we find that NADPH-mediated production of ROS
critically impairs the immune response, impacting elimination of virus and outcome of liver cell damage.
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Chronic virus infections are a major health problem worldwide.
About 500 million people currently suffer from chronic
infections of hepatitis B or C (HCV) virus,1,2 whereas 34
million people are infected with human immunodeficiency
virus (HIV).3 Virus-specific T cells are usually able to kill virus-
infected cells, but during chronic infections cluster of
differentiation (CD)8þ T cells loose their function.4–9 More-
over, during prolonged virus infection, consistent T-cell
activation can cause destructive immunopathology.10–12

Mechanisms of virus elimination and virus-induced immu-
nopathology have been well studied in mice using the non-
cytopathic RNA lymphocytic choriomeningitis virus (LCMV).
In this model, CD8þ T cells exert their cytotoxic effects mainly
via the effector molecules perforin and interferon (IFN)-g.13–15

Liver pathology in this model is primarily mediated by CD8þ

T-cell cytotoxicity against virus-infected hepatocytes. Once

hepatocytes are infected with LCMV, liver damage occurs
following infiltration of virus-specific CD8þ T cells into the
liver. Complete depletion of CD8þ T cells therefore reduces
immunopathology in this context.16 However, partial reduction
in CD8þ T-cell activity results in enhanced virus propagation,
leading to elevated liver cell damage caused by infiltration of
remaining CD8þ T cells.10–12,17 T cells thus have dichot-
omous functions during viral infection, limiting viral replication
on the one hand and promoting virus-induced pathology on
the other.

Reactive oxygen species (ROS) are defined as oxidized
molecules containing an oxygen atom, such as O2

� , hydrogen
peroxide (H2O2) and HO� .18 Although ROS is involved in cell
signaling and homeostasis at physiological levels, excess
ROS formation leads to cellular stress and death. ROS can be
generated by endogenous processes, or via exogenous
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stimuli such as irradiation and chemical exposure.19 The
major source of endogenous cellular ROS is the mitochondrial
respiration chain.20 In addition, ROS can be generated by the
NADPH (nicotinamide adenine dinucleotide phosphate) oxi-
dase, which produces O2

� via oxidation of NADPH to NADPþ .
ROS production, mediated by high expression of NADPH
oxidase, is of critical importance to innate immune cells such
as granulocytes, which migrate to inflamed areas and utilize
ROS as a defense mechanism against pathogens.21 The
NADPH oxidase consists of the membrane-bound compo-
nents cytochrome b558, gp91phox and p22phox, as well as
the cytosolic components p47phox, p67phox and the Rho
guanosine triphosphatase Rac1.22 Following granulocyte
stimulation, the cytosolic subunit p47phox is heavily phos-
phorylated,23 a prerequisite for NADPH oxidase activity.24

Oxidative stress plays a critical role in liver, cardiovascular,
Alzheimer’s and autoimmune diseases.25–28 Neutrophil infil-
trates can be observed during autoimmunity such as
rheumatoid arthritis,29 and a recent report shows that
neutrophil p47phox phosphorylation is elevated in patients
with rheumatoid arthritis.30 Surprisingly, p47phox-deficient
mice have shown higher incidences of autoimmunity such as
rheumatoid arthritis.31,32 Production of ROS by macrophages
could prevent incidence of arthritis in this context.31 Moreover,
in an experimental model of liver fibrosis, p47phox-deficient
animals (also known as Ncf1� /� mice) showed attenuated
disease development.33 Interestingly, some studies also
report elevated levels of ROS in the liver during chronic
infection with HCV, a phenomenon that is triggered by viral
proteins and is partially dependent on NADPH synthesis.34,35

Consistently, ROS was able to promote virus binding and
growth of LCMV in vitro.36 Although there is mounting
evidence for the strong importance of ROS in different
immune responses, the specific role of ROS during virus-
mediated immunity remains to be clarified.

Here we report that ROS impairs immunity to LCMV. We
show that oxidative stress was capable of inhibiting virus-
specific CD8þ T-cell function. ROS levels were elevated
during virus-induced inflammation, and elevated ROS was
dependent on the regulatory subunit of the NADPH oxidase,
p47phox. P47phox-deficient mice showed reduced ROS
production during virus infection and consequently generated
stronger virus-specific T-cell responses. These Ncf1� /� mice
were able to eliminate the virus earlier than controls, and
therefore had limited immunopathology.

Results

ROS is produced during virus infection. LCMV leads to a
strong activation of the innate immune system.37 To
determine whether ROS-producing cells are activated during
LCMV infection, we infected C57BL/6 mice with 2� 106

plaque-forming units (PFU) of LCMV WE. We found a strong
accumulation of granulocytes in spleen and liver tissues 6
days after virus infection (Figure 1a and b). This was
confirmed by immunohistochemistry of snap frozen sections
of spleen and liver tissues of infected animals (Figure 1c). To
explore whether granulocyte infiltration affects ROS produc-
tion, C57Bl/6 mice were analyzed for ROS production

after infection using dihydroethidium (DHE). The amount of
ROS-producing granulocytes was significantly higher in
spleen and liver tissues from infected animals (Figure 1d).
As expected, granulocytes were absent in the liver tissue
from naı̈ve animals (Figure 1b). These data suggest that
LCMV infection results in the recruitment of activated
granulocytes into liver and spleen tissues. As p47phox is a
regulatory subunit of the NADPH oxidase, which is largely
responsible for ROS production in granulocytes,38,39 we
tested whether ROS production in granulocytes was depen-
dent on Ncf1. Therefore, Ncf1� /� mice were infected with
LCMV and ROS production in infiltrating granulocytes was
analyzed. Infiltration of granulocytes into spleen and liver
tissues did not differ between wild-type (WT) and p47phox-
deficient animals at days 2, 4 and 6 after infection with LCMV
(Supplementary Figure S1a). However, production of ROS in
Ncf1� /� mice was significantly reduced at days 4 and 6 after
infection (Figure 1d and Supplementary Figure S1b).
Additionally, macrophages in spleen and liver (Kupffer cells)
tissues showed positive staining for DHE. While Kupffer cells
exhibited limited ROS production in the liver, macrophages in
the spleen also trigger p47phox-dependent ROS production
after infection (Figure 1e). Although the macrophage
population did not increase (Supplementary Figure S1c),
ROS-producing macrophages were elevated in WT animals
when compared with p47phox-deficient mice (Supplemen-
tary Figure S1d). To further analyze the role of p47phox
during innate immunity, bone marrow-derived macrophages
were stimulated with LPS and nuclear factor-kB activation
was assessed. We did not observe any differences in
inhibitor of kBa (IkBa) phosphorylation and degradation or
in p65 phosphorylation between WT and p47phox-deficient
macrophages (Supplementary Figure S2a). When tumor
necrosis factor (TNF)-a production was measured in the
supernatant of cultured macrophages, we observed no
significant difference at different doses of LPS (Supplemen-
tary Figure S2b). Next, the innate immune response to virus
infection was assessed by measurement of IFN-a concentra-
tion in the serum. When WT and Ncf1� /� mice were infected
with 2� 106 PFU of LCMV WE, similar levels of IFN-a were
induced in the serum after 24 and 48 h (Supplementary
Figure S2c). In conclusion, ROS production in granulocytes
and macrophages was increased after virus infection and
dependent on the regulatory subunit of the NADPH oxidase,
p47phox.

ROS inhibited CD8þ T-cell viability in vitro. To test the
influence of oxidative stress on T-cell survival and function,
splenocytes from LCMV-infected mice were re-stimulated
in vitro with the LCMV-specific epitope gp33. As expected,
epitope-specific CD8þ T cells responded with rapid produc-
tion of IFN-g and exhibited baseline viability of approximately
50%. Exposure to H2O2 reduced both the viability of virus-
specific T cells and IFN-g production in a concentration-
dependent manner (Figure 2a and Supplementary
Figure S3a). Coincubation of T cells with another oxidative
agent, diamide, similarly induced cell death in LCMV-specific
CD8þ T cells and resulted in the loss of gp33-mediated
cytokine production, even at doses which were not lethal
to cells (Figure 2b and Supplementary Figure S3a).
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Endogenous glutathione protects cells from the toxic effects
of ROS. To test whether the CD8þ T-cell function and
viability are dependent on glutathione, the glutathione

inhibitor 2-phenylethyl isothiocyanate (PIETC)40 was added
to splenocytes during restimulation with LCMV-specific
epitopes. Similar to H2O2 and diamide, PIETC was also able
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Figure 1 ROS is produced during virus infection. (a–c) C57BL/6 mice were infected with 2� 106 PFU LCMV WE. On day 6, single-cell suspensions from spleen and liver
tissues were stained with an anti-CD8 and anti-Gr-1 antibodies and then analyzed by FCM and compared with samples from naı̈ve mice. (a) One set of representative contour
plots of n¼ 6 is shown (spleen: upper panels; liver: lower panels; naı̈ve: left panels; day 6 post infection (p.i.): right panels). (b) Absolute numbers are shown from two pooled
experiments (n¼ 6). (c) Sections from snap frozen spleen (upper panels) and liver (lower panels) tissues from naı̈ve (left panels) and infected (right panels) mice were stained
with an anti-Gr-1 antibody (red staining). One of three representative sections is shown. (d and e) WT and Ncf1� /� mice were infected with 2� 106 PFU LCMV WE. Single-
cell suspensions from spleen (left panels) and liver (right panels) tissues of naı̈ve and infected animals were stained with DHE, an anti-F4/80 antibody and an anti-Gr-1
antibody. (d) MFI of DHE on Gr-1þ cells was analyzed (upper panels, n¼ 4). Absolute numbers of Gr-1þDHEþ cells are shown (lower panels, n¼ 4). (e) MFI of DHE was
analyzed on F4/80þ cells in the spleen (left panel) and liver (right panel) tissues. ***Po0.001, **Po0.01, *Po0.05 and NS, not significant using the one-way ANOVA
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to inhibit CD8þ T-cell viability and IFN-g production, even
at sub-lethal concentrations (Figure 2c and Supplementary
Figure S3a). Next, to test the consequences of exposure to
steady-state oxidative stress, we coincubated T cells with
galactose oxidase in the presence or absence of galactose
during restimulation with gp33. Similar to the above used agents,
cell viability and IFN-g production of CD8þ T cells was limited
after exposure to a combination of galactose and galactose
oxidase (Figure 2d and Supplementary Figure S3b). These
data indicate that increasing ROS in vitro has a major effect not
only in limiting T-cell survival but also in reducing T-cell function.

ROS inhibits CD8þ T-cell function in vivo. To investigate
whether oxidative stress affected the virus-specific CD8þ

T-cell response in vivo, WT and Ncf1� /� mice were infected
with 2� 106 PFU of LCMV WE, and infiltration of virus-
specific CD8þ T cells in spleen and liver tissues was
analyzed. The number of virus-specific CD8þ T cells was
enhanced in spleen and liver tissues of Ncf1� /� mice
(Figure 3a). This suggests that ROS may trigger death of
virus-specific CD8þ T cells, a phenomenon typically
observed during T-cell exhaustion.41,42 Next, IFN-g produc-
tion by LCMV-specific T cells was analyzed. We found that
the number of IFN-g-producing CD8þ T cells was increased
in spleen and liver tissues of Ncf1� /� mice (Figure 3b). We
were further interested to know whether the function, and
also the number of activated CD8þ T cells, was affected by
ROS. As gauged from ratios of gp33-reactive IFN-g-positive
cells to gp33-tetramerþ cells, T-cell survival was reduced by
ROS (Figure 3c). Consistently, 51Cr release assays also

showed that cytotoxic T-cell function in single-cell suspended
splenocytes was enhanced during infection with LCMV in
Ncf1� /� animals when compared with WT mice (Supple-
mentary Figure S4a). The production of other cytokines such
as TNF-a by virus-specific CD8þ T cells was enhanced in the
absence of Ncf1 (Figure 3d). However, the ratio of TNF-aþ to
gp33-tetramerþ cells did not significantly differ between WT
and Ncf1� /� mice (Figure 3e). Furthermore, the ratio of
TNF-aþ to IFN-gþ cells was similar in WT and p47phox-
deficient animals (Figure 3e). IL-2 expression was also found
to be comparable between WT and p47phox-deficient
animals (Supplementary Figure S4b and c). Recently, it
was reported that CD8þ T cells can produce ROS, which
contributes to their proper function.43 However, DHE staining
in virus-specific CD8þ T cells showed that this ROS
production of LCMV-specific CD8þ T cells was not Ncf1
dependent (Supplementary Figures S5a and b). In summary,
LCMV-specific CD8þ T-cell survival was enhanced in the
absence of the NADPH oxidase regulating subunit p47phox.

Accelerated LCMV elimination in Ncf1–/– mice. To
explore whether the more robust CD8þ T-cell response
measured in Ncf1� /� mice also enhanced virus elimination,
virus titers in spleen, liver, kidney and lung tissues were
measured after infection with 2� 106 PFU LCMV WE. At
early time points (days 2 and 4), WT and Ncf1� /� mice
showed similar LCMV titers (Supplementary Figure S6a
and b). Accordingly, immunohistology of spleen and
liver tissues revealed comparable distribution of LCMV
nucleoprotein (NP) 4 days after infection (Supplementary
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Figure 2 ROS inhibited CD8þ T-cell viability in vitro. (a–d) C57BL/6 mice were infected with 200 PFU of LCMV WE. After 8 days, splenocytes were restimulated in vitro
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Figure S6c). We therefore concluded that LCMV was able
to replicate in Ncf1� /� cells and that early (CD8þ T-cell
independent) virus replication was not affected by p47phox.
These data emphasize that anti-viral innate immunity is not
abnormal in p47phox-deficient animals. Similarly, there was
no significant difference detectable between Ncf1� /� and
WT mice in viral titer 6 days after infection (Figure 4a).
However, 8 days after LCMV infection, Ncf1� /� animals
displayed significantly lower virus titers (Figure 4a). While
LCMV persisted particularly in kidney and lung tissues of WT
mice, most Ncf1� /� mice had reduced the LCMV titer below
the limit of detection in these organs (Figure 4a). Accordingly,
liver sections obtained 8 days after LCMV infection showed
less LCMV NP in Ncf1� /� mice (Figure 4b). At 12 days

after infection, the virus NP was virtually eliminated in
p47phox-deficient animals, whereas WT mice continued to
show virus-infected cells in the liver (Figure 4b). Additionally,
we could observe less virus-infected hepatocytes in liver
sections from Ncf1� /� animals when compared with control
sections from WT mice. After depletion of CD8þ T cells, both
WT and Ncf1� /� animals exhibited a large number of
infected hepatocytes, suggesting virus control is dependent
on CD8þ T cells (Figure 4c). At 12 days after infection,
LCMV NP was readily detected in the splenic marginal zone
of WT mice. In contrast, Ncf1� /� mice had almost
completely eliminated virus antigen from the spleen
(Figure 4d). In conclusion, Ncf1� /� mice showed lower
virus titers and eliminated the virus faster than corresponding
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CD8 and anti-IFN-g antibodies. Absolute numbers of IFN-gþCD8þ cells are presented (n¼ 3, one out of two independent experiment is shown). (c) Ratios were calculated
from absolute numbers of IFN-gþ cells/Tet-gp33þ cells (n¼ 3–6). (d) Single-cell suspensions from the spleen (left panel) and liver (right panel) tissues were stained for anti-
CD8 and intracellular TNF-a. Data are presented as absolute numbers of TNF-aþ CD8þ cells (n¼ 6). (e) Ratios of TNF-aþ /Tet-gp33þ (left panels) and ratios of TNF-aþ /
IFN-gþ (right panels) are shown after restimulation with gp33 or np396 (n¼ 5 for spleen tissue and n¼ 6 for liver tissue)
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control mice, demonstrating a critical negative role for
p47phox in anti-viral immunity.

NADPH oxidase enhances LCMV-induced immuno-
pathology. The more robust T-cell response observed
following LCMV infection in p47phox-deficient animals
caused rapid virus elimination; we next tested whether this
response also caused increased immunopathology. After
infection of WT mice with 2� 106 PFU LCMV-WE, mice
develop virus-induced hepatitis, which is dependent on
CD8þ T cells.16,17 Liver cell damage can be detected by
the enzyme alanine aminotransferase (ALT), which is
present in hepatocytes. Strikingly, opposed to WT animals
p47phox-deficient animals did not show signs of liver cell
damage after infection with LCMV (Figure 5a). Similarly,
bilirubin concentrations were elevated during virus-induced
hepatitis in WT but not in Ncf1� /� mice (Figure 5b). To
examine whether immunopathology was associated with the
induction of liver fibrosis, we tested collagen RNA formation
by real-time polymerase chain reaction (RT-PCR). After 8
days of infection, WT mice showed significantly increased
collagen mRNA levels when compared with Ncf1� /� mice
(Figure 5c). In conclusion, we found that ROS production
delayed CD8þ T-cell-dependent virus control and enhanced
immunopathology in the liver.

Glutathione depletion by buthionine sulfoximine
influences CD8þ T-cell-dependent virus control. The
antioxidant glutathione is part of one of the most important
redox system in mammalian cells.44 Buthionine sulfoximine
(BSO) is known to deplete glutathione,45,46 which in turn
increases ROS levels. Consistently, when mice were treated
with BSO, elevated ROS production could be observed in
granulocytes (Figures 6a). BSO treatment did not affect
CD8þ T-cell numbers in the spleen before infection (Supple-
mentary Figure S7). However, treatment with BSO reduced
virus-specific T-cell frequencies after infection with LCMV

(Figure 6b). Additionally, the total number of functional IFN-g-
producing CD8þ T cells was decreased in BSO-treated mice
(Figure 6c). Furthermore, the ratio of IFN-gþ /LCMV-specific
T cells was decreased in animals that received BSO
treatment, indicating that not only T-cell numbers but also
T-cell function is reduced after BSO treatment (Figure 6d). Our
in vitro data indicated that excessive ROS not only limits
survival of virus-specific T cells but may also affect T-cell
function. BSO treatment provides excess ROS and therefore
may cause loss of T-cell function in addition to cell death of
virus-specific T cells. Conclusively, the reduced T-cell
response led to delayed control of LCMV (Figure 6e). These
data support our main conclusions that ROS accumulation
decreases virus-specific CD8þ T-cell function, resulting in
delayed elimination of virus.

Discussion

In this study, we investigated the role of ROS in virus-induced
immunity in the murine LCMV model. ROS production was
elevated during virus infection in vivo, caused by NADPH
oxidase activation of granulocytes and macrophages. Oxida-
tive stress resulted in direct reduction in the survival of virus-
specific CD8þ T cells. Consistently, Ncf1� /� mice, in which
ROS production is partially blocked, had a more robust virus-
induced CD8þ T-cell response, which resulted in rapid virus
elimination and decreased immunopathology relative to WT
animals.

Infections with HCV and HIV can become chronic. These
viruses result in a virus-specific CD8þ T-cell response, which
limits virus production at early stages after infection. However,
at later stages virus-specific CD8þ T cells exhaust and/or
trigger immunopathology.9,17 Elevated levels of ROS have
been reported for infections with HCV.34,35 However, the role
of virus-induced ROS, and especially the influence of ROS on
the adaptive T-cell response is unclear. Our model suggests
that virus-induced ROS inhibits virus-specific T-cell survival.

Figure 4 Accelerated LCMV elimination in p47phox-deficient mice. (a and b) Ncf1� /� and corresponding WT control mice were infected with 2� 106 PFU LCMV WE.
(a) Virus titers were determined in the spleen, liver, kidney and lung tissues on days 6, 8, 12 and 16 (n¼ 3� 6). (b) Liver immunohistochemistry of LCMV-infected C57BL/6
and Ncf1� /� mice were examined for LCMV NP expression. One representative of n¼ 3 is shown. (c) CD8þ T cells were depleted in WT and Ncf1� /� mice using an anti-
CD8-depleting antibody (clone: YST-169). On day 6, livers were stained for LCMV-NP (clone: VL-4). One representative out of n¼ 3 of is shown. Infected hepatocytes were
highlighted with arrows. (d) Ncf1� /� and corresponding WT control mice were infected with 2� 106 PFU LCMV WE. Liver immunohistochemistry of LCMV-infected C57BL/6
and Ncf1� /� mice was examined for LCMV NP expression. One of three representative slides is shown
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Inhibition of the NADPH oxidase, which contributed in our
model to virus-induced ROS production, could therefore
provide a new therapeutic approach to investigate in order
to enhance T-cell-mediated immunity.

ROS is produced by multiple mechanisms in mammalian
cells. For instance, H2O2 production occurs as a product of
normal mitochondrial energy metabolism in all cells, whereas
specific cells such as granulocytes employ ROS in a directed
manner for anti-bacterial defense. Cellular responses to ROS
are also varied, and likely depend on cell type and redox
status. Decreasing cellular ROS with antioxidant treatment
has been previously shown to block virus binding and growth
at early time points after infection.36 However, this mechanism
alone is unlikely to explain the enhanced control of LCMV in
Ncf1� /� mice as early virus titers were comparable between
WT and Ncf1� /� .

When we infected Ncf1� /� mice with LCMV, we observed
a more robust virus induced CD8þ T-cell response compared
with WT animals. However, NADPH oxidase-deficient T cells
showed similar ROS production to WT cells, suggesting that

the main source of T-cell intrinsic ROS is not from NADPH
oxidase activity but from metabolism.20 Clonal expansion
requires high metabolic activity providing an explanation for
why CD8þ T cells appear ROS positive after infection.47

Interestingly, recent discussions focus on metabolic pathways
as major mechanism for limiting T-cell function.48 Our data
support the concept that metabolic ROS affects T-cell
immunity. In the presence of NADPH oxidase, which is highly
expressed in granulocytes,38 T-cell intrinsic metabolic ROS
likely adds to an existing oxidative environment fueled by
neutrophil-generated ROS, resulting in a toxic combination.
This effect apparently limited T-cell survival in the presence of
WT Ncf1. On the other hand, the more robust T-cell response
in Ncf1� /� mice, which exhibit lower total ROS production,
was associated with more rapid and more complete virus
elimination, along with little T-cell-mediated liver cell damage
or signs of disease.

Interestingly, a recent study has reported a critical influence
of ROS in autoimmunity, in that T-cell-mediated arthritis was
inhibited by elevated ROS levels.31 Our data suggest that
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ROS may trigger death of T cells offering an explanation for
protection from autoimmunity. However, enhanced ROS
production during autoimmune disease could also lead to
direct tissue damage; therefore, the potential utility and
toxicity of inducing oxidative stress to prevent autoimmunity
should be investigated in future studies.

Elevated ROS levels are observed in many tumor types.
Cancers with high ROS production display aggressive growth
characteristics and are correlated with poor prognosis.49 ROS
is elevated in tumors not only as a consequence of the high
metabolic activity of cancer cells20 but also due to NADPH
oxidase activity.50 In view of our findings, the elevated ROS
levels in tumors may contribute to rapid tumor growth and
disease progression in part by limiting immune response
against cancer cells.

In summary, our data have revealed an influence of ROS on
virus-induced immunity and immunopathology. Elevated ROS
levels in granulocytes decreased survival of CD8þ T cells.
Lack of NADPH oxidase resulted in more robust virus-induced
immunity and faster elimination of the virus. As a result, virus-
induced immunopathological disease was dramatically
reduced in the absence of NADPH oxidase activity.

Materials and Methods
Mice, viruses and virus titration. LCMV strain WE was originally
obtained from F Lehmann-Grube (Heinrich Pette Institute, Hamburg, Germany)
and was propagated in L929 cells as described.51 Virus titers were measured
using a plaque-forming assay as described previously.52 Briefly, organs were
harvested into Hank’s balanced salt solution (HBSS) and homogenized using a
Tissue Lyser (Qiagen, Hilden, Germany). A total of 0.8� 106 MC57 cells were
added to titrated virus samples on 24-well plates. After 3 h, 1% methylcellulose-
containing medium was added. After 48 h, plates were fixed (4% formalin),
permeabilized (1% Triton X-100 in HBSS), and stained with anti-LCMV NP (clone
VL4) antibody, peroxidase anti-rat antibody, and o-phenlyenediamine dihy-
drochloride (Sigma, Heidenheim, Germany) dissolved in 50 mM Na2HPO4 and
25 mM citric acid. Mice were infected intravenously with 2� 106 PFU of LCMV
WE. All mice used in this study were maintained on the C57BL/6 genetic
background. All experiments were performed in single ventilated cages. Animal
experiments were carried out with authorization of the Veterinäramt of the Kanton
Zurich and in accordance with the Swiss law for animal protection, the guidelines
of the Ontario Cancer Institute and the German law for animal protection.

Treatment with BSO. BSO was purchased from Sigma. BSO was prepared
in 0.5 M solution according to the manufacturer’s instructions. Mice were treated
daily by intraperitoneal injection of 400ml.

Bilirubin, alkaline phosphatase and ALT. Serum levels were
measured using a serum multiple biochemical analyzer (Ektachem DTSCII;
Johnson & Johnson Inc., Rochester, MN, USA).

Quantitative RT-PCR measurement. RT-PCR analysis was performed
as described previously.53 Briefly, mRNA was extracted from livers stored in 1 ml
Trizol (Invitrogen, Grand Island, NY, USA) according to the manufacturer’s
instructions. After homogenization using a Tissue lyser (Qiagen), 200ml
chloroform was added and samples were vortexed for at least 15 s. Then,
samples were centrifuged at 12 000 r.p.m. at 4 1C for 10 min, supernatant
transferred into a new tube and mRNA precipitated with 2-isopropanol for 20 min
at room temperature. After one wash with 75% ethanol, pellets were air dried and
resuspended in DEPC-treated water (Invitrogen). Gene expression of collagen and
GAPDH was performed using kits from Applied Biosystems, Darmstadt, Germany.
For analysis, the expression levels of all target genes were normalized to GAPDH
expression (DCt). Gene expression values were then calculated based on the
DDCt method, using the mean of three naive mice as a standard to which all other
samples were compared. Relative quantities (RQ) were determined using the
equation: RQ¼ 2�DDCt.

Histology. Histological analysis was performed on snap frozen tissue as
described.54 Antibodies against mouse CD8 (clone YTS169.4), LCMV-NP (clone
VL4) and anti-Gr-1 were used. Histology was developed using an alkaline
phosphatase system.

Flow cytometry analysis. Tetramer production, surface and intracellular
flow cytometry measurement (FCM) staining was performed as described
previously.55 Briefly, single-cell suspensions from spleen and liver tissues, and
peripheral blood lymphocytes were stained using PE-labeled gp33 major
histocompability complex (MHC) class I tetramers (gp33/H-2Db) for 15 min at
37 1C, followed by staining with anti-CD8-PerCP (BD Biosciences, San Jose, CA,
USA) for 30 min at 4 1C. For determination of their activation status, lymphocytes
were stained with anti-PD-1 and anti-IL-7Ra (BD Biosciences) for 30 min at 4 1C.
The T-cell function was tested by performing an intracellular cytokine staining
using splenocytes from WT mice infected with 102 PFU of LCMV WE 8 days post
infection in the presence of H2O2, diamide, PIETC, galatose oxidase and galatose
(Sigma). For intracellular cytokine stain, single-cell suspended splenocytes or liver
tissue were incubated with the LCMV-specific peptides gp33 and np396. After
1 h, brefeldin A (eBiosciences, San Diego, CA, USA) was added, followed by
additional 2-h incubation (IL-2 restimulation); 4-h incubation (TNF-a restimulation);
and 5-h incubation (IFN-g restimulation) at 37 1C. After surface stain with anti-CD8
(eBiosciences), cells were fixed with 2% formalin and permeabilized with PBS
containing 1% FCS and 0.1% saponin, and stained with anti-IL-2, anti-TNF-a or
anti-IFN-g (eBiosciences) antibodies for 30 min at 4 1C. Oxidative stress was
measured following 20 min staining with 10mM DHE (Invitrogen) and was
determined by quantifying the mean fluorescence intensity (MFI) shown in arbitrary
units. Anti-Gr-1, anti-CD4, anti-B220, anti-MHCII, anti-CD11c and anti-F4/80
antibodies were from eBiosciences.

Western blotting. Bone marrow-derived macrophages, generated as
described previously,56 were stimulated with 200 ng/ml LPS (026:B6; Sigma)
harvested at the indicated time points and blots were probed anti-p-p65 (Ser536),
p-IkBa (Ser32), IkBa, p-ERK, ERK, actin (Cell Signaling Technology, Frankfurt,
Germany) and p65 (Santa Cruz Biotechnology, Heidelberg, Germany).

51Cr release assay. 51Cr (chromium) release assay was performed as
described previously.17

Statistical analysis. Data are expressed as mean±S.E.M. Statistically
significant differences between two different groups were analyzed using Student’s
t-test. Statistical differences between several groups were tested using one-way
ANOVA with additional Bonferroni or Dunnett’s post-tests. Statistically significant
differences between groups in experiments involving more than one analysis time
point were calculated using two-way ANOVA (repeated measurements). P–values
o0.05 were considered as statistically significant.
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