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Abstract

Recent work carried out in our laboratory showed the existence of a cytokine storm in SARS patients, dominated by Th1-type
mediators. We thus hypothesized that IFN-g may play a major role in the pathology by triggering immune-mediated alveolar

damage. As we assessed or re-assessed some effects of IFN-g on a number of human lung epithelial and fibroblast cell lines, chosen
for their wide use in the literature, we found that alveolar epithelial cells were more sensitive to IFN-g, in terms of proliferation
inhibition and enhancement of Fas-mediated apoptosis. While similar effects were obtained on fibroblasts, concentrations of IFN-g
4e8-fold greater were required. In addition, both epithelial and fibroblastic cell lines were able to secrete large quantities of T cell-
targeting chemokines, similar to the ones detected in SARS patients. Based on the clinical data collected previously, the available
literature and our in vitro experimentation, we propose that IFN-g may be responsible for acute lung injury in the late phase of the

SARS pathology.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In 2003, a new emerging infectious disease, termed
severe acute respiratory disease (SARS), swept across
the world, resulting in the death of 774 people [1]. With
no precedent, the scientific community was able to
identify the causative agent soon after its emergence
[2e4]. Since then, significant advances have been made
in understanding this disease and less than 2 years
later, vaccine candidates are already under trial [5]. How-
ever, the mechanism(s) underlying the severity of the
respiratory distress remain(s) unexplained. Indeed,
hypotheses are yet to be made to explain the acute lung
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injury (ALI) and respiratory failure observed in the
severe cases, while in the presence of a declining viral
load.

While high fever was the most common characteristic
of the new illness, in one-third of cases, the patients also
developed an atypical form of pneumonia, with acute
respiratory distress (ARDS) as a result of lung damage,
characterized by infiltrates on chest radiography [4,6,7].
Amongst the changes observed in the lungs of SARS
patients were epithelial cell proliferation and desqua-
mation, hyaline membrane formation and cell infiltra-
tion (lymphocytes, neutrophils and monocytes) during
the early stage of the disease, while increased fibrosis
and multinucleated epithelial giant cell formation were
seen at a later stage [8].

The existence of an abnormally excessive inflamma-
tory response in the lungs has been suggested to explain
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the development of ALI in SARS. Indeed, patients still
manifested lung injury at a time when the viral load was
dropping, in support of the immune nature of the lung
damage [9]. Our investigations, and the work of Wong
et al., support this hypothesis as we determined the
presence of several cytokines and chemokines at high
concentrations in the plasma of RT-PCR-confirmed
SARS patients [10,11]. Especially, Th1-type cytokine
IFN-g and other related cytokine (IL-18) and chemo-
kines (MIG, IP-10 and MCP-1) were found at unusually
high levels. This seemed to place IFN-g at the center of
any cytokine-induced immune response.

Evidence exists to support the importance of the
destruction of the alveolar epithelium in the development
of conventional ARDS [12,13]. The presence of soluble
Fas ligand (FasL) was reported in ARDS patients and an
agonist antibody was shown to be able to induce alveolar
epithelial cell injury and lung inflammation in mice
[14,15]. Although the presence of soluble FasL has not
been demonstrated in SARS patients, immune cells
capable of expressing membrane-form FasL were found
infiltrating the lungs, and ARDS observed in late-stage
SARS patients resembled other late-stage ARDS,
suggesting the potential role of the Fas/FasL system in
the development of ALI in SARS [7,8,16].

Previous work by other groups has led to the
conclusion that human lung epithelial cells, but not lung
fibroblasts, were sensitive to Fas-mediated apoptosis,
suggesting that phenotypic differences between these two
cell types may contribute to the development of fibrosis,
by rendering one type as a prompt for cellular damage
while protecting the other [17e19]. As IFN-g seems to
play a role in SARS, we set out to compare some effects
of IFN-g on a number of human lung fibroblast and
epithelial cell lines (chosen for their use in numerous
publications as models of their primary counterparts) in
order to extrapolate how these cell types co-existing in
vivo may react to the presence of IFN-g. For that
purpose, identical culture conditions were used for all
cell lines. We report here that in substance both cell
types were affected similarly, i.e. susceptible to Fas-
mediated apoptosis after IFN-g stimulation, though to
different degrees; fibroblastic lines required much larger
amounts to become sensitive. These observations led us
to hypothesize that specific epithelial sensitivity to IFN-g
may be the basis underlying the development of lung
injury in the late phase of SARS.

2. Results

2.1. Increased sensitivity of epithelial cells to cell
proliferation inhibition by IFN-g

All four cell lines, A549, BEAS-2B, MRC-5 and
HFL-1, were cultured in the presence of varying
concentrations of IFN-g, for 24, 48 or 72 h. The culture
in such conditions resulted in an inhibition of pro-
liferation that ranged from growth downregulation
(BEAS-2B, MRC-5 and HFL-1) to complete growth
arrest (A549: p O 0.05 for 48 h vs. 72 h IFN-g-treated
groups), as shown in Fig. 1. However, sensitivity varied
among cell lines. Indeed, dose-dependent experiments
determined that epithelial cell lines were more suscep-
tible to the effect of IFN-g than fibroblast cell lines
(data not shown). Two hundred and fifty IU mL�1 of
IFN- g in A549 and BEAS-2B resulted in very
significant differences in growth, while 62.5 IU mL�1

was sufficient to detect some effects. On the contrary,
MRC-5 and HFL-1 required high doses of IFN-g:
2000 IU mL�1 was necessary to observe a significant
growth inhibition.

2.2. Delay and arrest of the cell cycle in A549 cells

As A549 was the only cell line whose growth was
completely arrested within the time-course of our first
experiment, we decided to investigate further the effects
of IFN-g on these cells. The only moderate induction of
apoptosis by IFN-g, in the range of 8e10% of the cells,
as determined by annexin V/PI and active caspase-8
staining (data not shown), was ruled out as the possible
explanation. Cell cycle analysis was on the other hand
able to show that, not only was IFN-g ultimately able to
dose-dependently arrest the cells at the G0/G1 phase
(Fig. 1E and F), it could also first delay their progression
through the S phase, as shown by the accumulation of
cells in that phase. This latter effect was dose-dependent
(Fig. 1G). The multiple ability of IFN-g to inhibit the
cells from progressing through their cycle probably
explains the early growth arrest observed in A549.

2.3. IFN-g enhanced Fas expression indifferently in
all cell lines

We next investigated the expression of Fas by
epithelial and fibroblast cell lines. All cells seemed to
express CD95, moderately (BEAS-2B) or more signifi-
cantly (A549, HFL-1 and MRC-5) (Fig. 2). Interestingly,
in the presence of IFN-g, Fas expression was upregu-
lated on the surface of cells, including fibroblast cell
lines. However, epithelial cells were once again more
sensitive to the IFN-g stimulus, as low concentrations
enabled Fas expression upregulation (250 IU mL�1),
while fibroblast cell lines only responded to high
concentrations (data not shown). Note also that in the
particular case of MRC-5, surface Fas expression
upregulation was only transient, and IFN-g ceased to
have an enhancing effect 72 h after addition (Fig. 2K).
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Fig. 1. Effect of IFN-g on cell proliferation. (AeD) Cell growth: epithelial cells and fibroblasts were cultured with (clear) or without (black) IFN-g.

Cells were harvested at 24, 48, or 72 h after seeding, and their number determined with a hemacytometer. (A) A549; seeding density: 1 ! 106, IFN-g

concentration: 250 IU mL�1. (B) BEAS-2B; seeding density: 1 ! 106, IFN-g concentration: 250 IU mL�1. (C) MRC-5; seeding density: 2.5 ! 105,

IFN-g concentration: 2000 IU mL�1. (D) HFL-1; seeding density: 0.9 ! 105, IFN-g concentration: 2000 IU mL�1. *p ! 0.05, in comparison to the

untreated group. (EeG) Cell cycle: cells were seeded at and cultured in serum-free culture medium, for 24 h (E,F) or 36 h (G). The medium was then

replaced by complete medium containing IFN-g. (E) Arrest in G0/G1; cells were harvested at various time-points after addition of IFN-g (250 IU

mL�1) and their repartition in the G0/G1 (black), S (gray) or G2/M (clear) phase determined. (F) Dose-dependent cell cycle arrest in G0/G1 after 48 h;

cells were harvested 48 h after addition of 0, 250 or 1000 IU mL�1 IFN-g, and their cell cycle phase determined (black, G0/G1; gray, S; clear, G2/M).

(G) Dose-dependent delay at the S phase; cells were harvested 18 h after addition of, either, 0, 250 or 1000 IU mL�1 IFN-g.
2.4. IFN-g enhanced Fas-mediated apoptosis of
epithelial cells and fibroblasts

Despite the existence of a constitutive expression of
Fas on the surface of all four cell lines, triggering
of apoptosis by the sole addition of a cross-linking
activating anti-Fas antibody was only marginal (Fig. 3).
Induction of apoptosis was only significant in A549, at
36 and 60 h after addition, and in MRC-5 at 12 h, but
concerned at any time less than 30% of the viable cell
population (Fig. 3B and D). When IFN-g was added to
the culture medium, 12 h before the addition of the anti-
Fas antibody, a significant enhancement of apoptosis
could be observed in all cell types, although at different
times and different extents. In BEAS-2B, an enhanced
induction of apoptosis was only observable 72 h after
addition of IFN-g (Fig. 3A). Moreover, this induction
was to a lesser degree than in A549, and required the
addition of a larger amount of anti-Fas antibody. At the
concentration 0.1 mg mL�1, anti-Fas antibody was
unsuccessful at inducing apoptosis, even after IFN-g
pre-treatment (data not shown). In A549, IFN-g-
enhanced Fas-mediated apoptosis developed rapidly,
as it was already significant by 24 h (Fig. 3B), and
successfully, as it extended to the whole monolayer,
causing all cells to be dead by 96 h (data not shown).
Fibroblasts were also susceptible to the enhancement of
Fas-mediated apoptosis by IFN-g. Like in BEAS-2B,
apoptosis appeared enhanced only 72 h after addition
of IFN-g in HFL-1 (Fig. 3C). However, in MRC-5
significant enhancement of Fas-mediated apoptosis was
readily observed by 24 h, but declined thereafter to
become non-existent by 72 h (Fig. 3D). In this latter cell
line, the enhancement of Fas-mediated apoptosis by
IFN-g followed accurately the surface Fas expression
profile of MRC-5 cells stimulated by IFN-g.
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Fig. 2. Effect of IFN-g on Fas (CD95) surface expression. All cells were cultured for 24, 48 and 72 h (with the exception of A549, which was only

cultured for 48 and 72 h) in the presence of IFN-g (250 IU mL�1 for BEAS-2B and A549, 2000 IU mL�1 for HFL-1 and MRC-5). They were then

harvested and surface CD95 expression stained before being detected by flow cytometry. (AeC) BEAS-2B; (DeE) A549; (FeH) HFL-1; (IeK)

MRC-5. Only one replicate of each staining is presented for each time point. The data are shown in a time sequence from left to right, for each cell

line. The gray peak and the black line represent the IFN-g-treated and the control groups, while the gray line represents the isotype control. On each

histogram the fluorescence geometric mean is given for the IFN-g-treated (bold, top value) and the control (bottom value) groups.
2.5. Relevance of anti-Fas antibody-mediated
apoptosis to cell-to-cell interaction

While the importance of the Fas/FasL system in the
development of ARDS is supported by previous work
[12e15], the lack of evidence of the presence of soluble
FasL in SARS patients having developed ARDS
required us to demonstrate the relevance for cell-to-cell
interaction of work that used an anti-Fas activating
antibody. A549 cells pre-treated with IFN-g were thus
co-cultured with a lymphocytic T cell line, Jurkat, which
had previously been activated in order to increase the
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expression of surface FasL (data not shown). Stimula-
tion by IFN-g increased the susceptibility of A549 cells
to apoptosis induced by contact with Jurkat cells
(Fig. 4). When the ratio of available Jurkat cells to
A549 cells was increased 3-fold, however, the number of
unstimulated A549 cells undergoing apoptosis did not
significantly increase. But it more than doubled when
A549 cells had been stimulated by IFN-g, clearly

Fig. 3. Effect of IFN-g on Fas-mediated apoptosis. Cells were seeded

with or without IFN-g, and 12 h later anti-CD95 cross-linking

antibody was added to the culture supernatant. The cells were finally

harvested 24, 48 or 72 h after seeding and the percentage of cells

undergoing apoptosis determined by annexin-FITC/PI staining

and flow cytometric analysis. (A) BEAS-2B: 250 IU mL�1 IFN-g

and 0.5 mg mL�1 anti-CD95 IgM; (B) A549: 250 IU mL�1 IFN-g and

0.1 mg mL�1 anti-CD95 IgM; (C) HFL-1: 1000 IU mL�1 IFN-g

and 0.1 mg mL�1 anti-CD95 IgM; (D) MRC-5: 1000 IU mL�1 IFN-g

and 0.1 mg mL�1 anti-CD95 IgM. Black, control group; light gray,

IFN-g-treated only; dark gray, anti-CD95 IgM-treated only; clear,

IFN-g-plus-anti-CD95 IgM-treated group. IFN-g-plus-anti-CD95

IgM-treated group vs. anti-CD95 IgM-treated only: )p ! 0.05,
))p ! 0.01, )))p ! 0.001; anti-CD95 IgM-treated only vs. control

group: )p ! 0.05, ))p ! 0.01.
indicating the role of Fas in the mediation of this
induction of apoptosis by cell contact, and the
important role played by IFN-g in the enhancement of
cellular damage.

Jurkat cells are T-lymphocyte-like cells of the kind
that may be found infiltrating the lungs in SARS
patients [8]. T cells are able to infiltrate tissues in
response to the release of chemoattractant messengers.
It was thus interesting to notice that both A549 and
MRC-5 could release, in response to IFN-g, large
amounts of the chemokines that were detected in the
blood of SARS patients [8], including Mig and IP-10,
some well-known chemoattractants of activated T cells
(Table 1).

3. Discussion

A characteristic feature of patients infected with
SARS-associated coronavirus is the presence of lung
consolidation, lung injury in the form of diffuse alveolar
damage and fibrosis in more severe cases. In the latter
cases, the development of the lung injury has led to
respiratory failure and the need for respiratory assis-
tance at an intensive care unit. Respiratory distress has

Fig. 4. Enhanced apoptosis of IFN-g-treated A549 cells in co-culture

with Jurkat cells. Jurkat cells were activated with 100 ng mL�1 PMA

and 500 ng mL�1 ionomycin for 24 h. At the same time, A549 cells

were cultured for 24 h, with or without 250 IU mL�1 IFN-g added

12 h after seeding. Jurkat cells were then centrifuged and counted. The

A549 cell number was also determined. Finally, Jurkat cell were

resuspended in culture supernatant from individual A549 cultures and

the suspension was returned, at a Jurkat:A549 ratio of 1:2 or 3:2.

Twenty-four hours later the cells were harvested and stained with

annexin V-FITC/PI and anti-CD3 antibody coupled to PerCP. The

data shown represents the percentage of A549 cells undergoing

apoptosis. Black, control group; clear, IFN-g-treated only; light gray,

co-culture with Jurkat; dark gray, IFN-g-treated and co-culture with

Jurkat. IFN-g-treated and co-culture with Jurkat vs. co-culture with

Jurkat: )p ! 0.05, ))p ! 0.01.
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Table 1

IFN-g-treated A549 and MRC-5 cell-induced chemokines secretion

IFN-g

(IU mL�1)

A549 MRC-5

MIG

(pg mL�1)

MCP-1

(pg mL�1)

IP-10

(pg mL�1)

RANTES

(pg mL�1)

IL-8

(pg mL�1)

MIG

(pg mL�1)

MCP-1

(pg mL�1)

IP-10

(pg mL�1)

RANTES

(pg mL�1)

IL-8

(pg mL�1)

0 16 33,712 201 304 27,040 !1 152 !1 !1 1336

62.5 393 38,416 17,688 2216 33,688 4017 3240 3868 !1 1121

250 1704 45,056 38,056 3024 35,512 187,856 34,288 89,312 !1 1024

1000 2128 47,168 44,944 3112 32,240 200,184 36,088 69,016 !1 840

2000 157,136 29,240 45,240 !1 784
appeared to be the cause of the majority of deaths
related to SARS. One of the hypotheses emerging to
explain the severity of the lung inflammation and
damage is the development of a ‘‘cytokine storm’’, as
result of the infection, leading to an unbalanced
inflammatory response. Cytokine profiling of RT-
PCR-confirmed SARS patients has revealed the pres-
ence of large amounts of IFN-g and IFN-g-related
cytokine and chemokines in patients’ blood, and the
absence of Th2-type cytokines [10]. IFN-g is a cytokine
secreted mainly, but not only, by activated and cytotoxic
T cells, as part of the immune response to eliminate
virus-infected cells. Infiltration of immune cells, in-
cluding lymphocytes, was observed in the lungs of SARS
patients [8]. We therefore hypothesized that IFN-g may
be a major contributor to the ALI, for it is known to
cause cell proliferation inhibition and apoptosis. We
used an array of cell lines to study how IFN-g could be
involved in selective epithelial damage and fibrosis.

The present report showed that human lung epithelial
cells (A549 or BEAS-2B) and fibroblasts (HFL-1 or
MRC-5) were affected similarly, but not identically, by
IFN-g in terms of Fas-mediated induction of apoptosis.
This is in some ways in contradiction to previously
available publications. Indeed, Tanaka et al. have
reported that they found that human lung fibroblasts
were resistant to Fas-mediated apoptosis, by opposition
to epithelial cells that are known to be susceptible to Fas
cross-linkage [17e19]. Although we do not know the
actual concentration in International Units of bioactive
IFN-g used by these authors to treat fibroblasts, it seems
that the dose of IFN-g, duration of pre-treatment, time-
point for detection, or a combination of these is
responsible for this apparent resistance to apoptosis. In
our work, fibroblasts (HFL-1) required an exposure to
high concentrations of IFN-g to observe any enhance-
ment of surface Fas expression and Fas-mediated
apoptosis. MRC-5, the second fibroblast cell line used
here, was also sensitive to IFN-g, although for only
a limited period. This could be linked to the phenotypic
differences between the two cell lines, MRC-5 possessing
some characteristics of myofibroblasts [20]. The possibil-
ity that fibroblast differentiation into myofibroblasts
protects them from IFN-g-enhanced Fas-mediated apo-
ptosis is currently under investigation in our laboratory.
Whilst the upregulation of Fas expression on the cell
surface may not be the only mechanism underlying the
enhanced induction of apoptosis in A549 cells treated
with IFN-g and anti-Fas antibody, a relationship
between increased expression and increased apoptosis
seems to exist when timing is considered. Indeed,
although these cells naturally express Fas proteins on
their surface, the density seems insufficient to lead to
a major induction of apoptosis (Fig. 3B). However,
when IFN-g increased Fas expression by 48 or 72 h
(Fig. 2D or E), more than 50% of the cells underwent
apoptosis (Fig. 3B). A similar, yet more convincing,
observation could be made with MRC-5 cells. These
cells could express Fas, but anti-Fas antibody alone was
not able to provoke a clear increase in the number
of cells undergoing apoptosis (Fig. 3B). When Fas
expression was enhanced by IFN-g, so was apoptosis,
by 24 h (Figs. 2I and 3B). When the Fas expression
returned to its basal level by 72 h (Fig. 2K), so had
apoptosis (Fig. 3B). The presence of a relationship in
time thus seems to support the existence of a correlation
between the increased density of Fas protein on the cell
surface and the sensitivity of the cell to undergo
apoptosis mediated by Fas.

The ability of IFN-g to enhance Fas-mediated
apoptosis of lung fibroblasts is, however, relative, as
the amount of cytokine required does not appear to
correspond to the levels observed in SARS patients,
even though bioactivity of the cytokines detected by
ELISA and CBA kits was not determined [10]. In any
way, this does not affect the fact that lung epithelial cells
are clearly highly sensitive to IFN-g, while fibroblasts
are remotely affected. IFN-g has thus the ability to
prime the destruction of the lung epithelium; indeed, in
addition it stimulates epithelial cells, like neighboring
fibroblasts, to release significant amounts of chemokines
that are known to attract the migration of immune cells.
Infiltrating lymphocytes were observed in autopsied
cases of SARS [8]. It seems thus plausible that the
presence of high amounts of IFN-g, T cell chemo-
attractants and infiltrating lymphocytes in the lungs may
have led to selective alveolar epithelial damage, as part
of an innate immune response, in SARS patients.

With the exception of IL-8, which is not stimulated
by IFN-g in either A549 or MRC-5, and MIG, IFN-g
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was able to stimulate the release of chemokines from
epithelial cells (A549) at lower concentrations than the
one required by fibroblasts (MRC-5). MIG, on the
other hand, was more readily produced by fibroblasts,
although epithelial cells were also sensitive to the IFN-g
stimulus. This particularity could be the result of the
dual effect of IFN-g on epithelial cells: while it
stimulates the expression of proteins, it also inhibits
cell growth. The latter effect would undoubtedly
downsize any stimulated increase in protein expression.
Overall, the data point towards an increased readiness
of epithelial cells to respond to IFN-g by the release of
chemokines, in comparison to fibroblasts that require
larger concentration of the cytokine. Ultimately, the
experiments investigating the production of chemokines
were designed to determine if IFN-g could further
contribute to a lung immunopathology by favoring
chemoattraction of the necessary actors (i.e. T cells) for
immune-mediated cellular damage.

Whilst IFN-g is essentially regarded as an anti-
fibrotic agent, evidence exists to suggest that this
cytokine may play an important role in the development
of the lung injury that precedes fibrosis [21]. Indeed, the
absence of IFN-g resulted in reduced inflammation in
various models of lung injury using IFN-g-knockout
mice [22e24]. Several studies have also suggested that
lymphocytes may play a role in pulmonary injury in
rodents. For example, T-cell depletion by anti-CD3
antibody treatment has attenuated pulmonary fibrosis
and increased survival in mice treated with bleomycin
[25]. A recent publication by Glass et al. indicates that,
in mice, the SARS-associated coronavirus successfully
replicated and induced an increase in various proin-
flammatory chemokines, in the lungs, including MIG
and IP-10 [26]. However, it failed to stimulate the
production of cytokines or the infiltration of leukocytes.
In this model, no obvious changes in pulmonary
function and little signs of lung injury could be
observed. Moreover, the focal necrosis and bronchiolar
epithelial damage characterized in SARS-associated
coronavirus infected B6 mice were not observed in
RAG1�/� mice, which lack T and B lymphocytes. Such
observations tend to support the fact that in SARS,
cytokines and T cells may be important to the de-
velopment of ALI.

Although the immune response is thought to
contribute significantly to ALI and respiratory distress
in SARS patients, it is not clear how a response
dominated by Th1-type biological response modifiers
may lead to the development of fibrosis. Here we show
lung epithelial cells to be more responsive to IFN-g-
induced damage than fibroblasts. Thus, we propose that
the Th1-dominant immune-mediated cell death may
actually favor the damage of alveolar epithelial cells
over the fibroblast layer, leaving the latter relatively
intact. In vivo, this would translate into the destruction
of the epithelial parenchyma, a basis for the stimulation
of repair mechanisms involving fibroblasts, relatively
unaffected by the immune response and available for
a proliferative response (Fig. 5). The association of
epithelial destruction and fibrosis has been suggested in
other situations, and we are currently investigating the
possibility that immune-mediated epithelial destruction
may directly stimulate proliferation and/or differentia-
tion of fibroblasts [27,28]. To conclude, these findings
are relevant to the understanding of the roles of IFN-g
and the Fas/FasL system in ALI, in which alveolar
epithelial damage occurs primarily. We suggest that
IFN-g may play an important role in the development
of an immune mechanism that will lead to ALI, fibrosis
and ARDS in SARS patients.

4. Materials and methods

4.1. Cell lines

A549, a human lung alveolar type II epithelial
carcinoma cell line, BEAS-2B, a human lung bronchi-
olar epithelial cell line, HFL-1 and MRC-5, human
embryonic lung fibroblast cell lines, and Jurkat, a human
leukemic T cell lymphoblast cell line, were all obtained
from American Type Culture Collection (Rockville,
MD). They were cultured under standard conditions in
the following medium supplemented with 10% heat-
inactivated FBS, 2 mM L-glutamine and 1% (v/v)
penicillin-streptomycin solution 100!: DMEM for
A549 and BEAS-2B, MEM Eagle-Earle’s balanced salt
solution with non-essential amino acids for MRC-5 and
HFL-1, and RPMI 1640 medium for Jurkat. Adherent
cells were passaged at 80e90% confluence using 0.25%
(w/v) trypsin/1 mM EDTA, while Jurkat cells were
subcultured every 3 days. For experimental purposes,
A549, BEAS-2B, HFL-1 and MRC-5 were seeded at

Fig. 5. Representation of the mechanism potentially underlying the

lung pathology in SARS.
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1 ! 106, 1 ! 106, 0.8 ! 105 and 2.5! 105 cells per
60 mm culture dish, respectively, in 3 ml of corresponding
growth medium. These seeding densities permitted cell
confluence to be reached within 72 h for each cell type.

4.2. Cytokine, antibodies and flow cytometry

Recombinant human IFN-g was purchased from
PreproTech EC (London, UK). Functional grade
murine anti-human CD95 (Fas) monoclonal antibody
(clone EOS9.1) was obtained from eBioscience (San
Diego, CA). Anti-hepatitis B surface antigen culture
supernatant from a murine IgM hybridoma was used
as the isotype control. Goat anti-mouse IgG (H C L)
conjugated to FITC served as secondary antibody
(Jackson ImmunoResearch, West Grove, PA). Anti-
human CD3 coupled to PerCP and its isotype control
murine IgG1k were purchased from Becton-Dickinson
(Mountain View, CA). All flow cytometric data was
acquired on a FACSCalibur run with CellQuest
(Becton-Dickinson), and later re-analyzed with WinMDI
version 2.8 (J. Trotter).

4.3. Cell number and apoptosis staining

Cells were harvested 24, 48, 72 or 96 h after addition
of IFN-g to the culture medium, and counted with
a hemacytometer, using eosin Y as an exclusion dye,
before any further analysis. Apoptotic cells were stained
with an annexin V-FITC/propidium iodide (PI) apo-
ptosis detection kit (BioVision Research, Mountain
View, CA) and analyzed by flow cytometry. In some
cases, the presence of the active form caspase-8 was also
detected using CaspGLOW Fluorescein active caspase-8
staining kit from BioVision Research, and analyzed by
flow cytometry.

4.4. Cell cycle analysis

A549 cells were cultured in serum-free culture
medium, C37 �C, 5% CO2, for 24 or 36 h, for cell
cycle synchronization. The culture supernatant was then
replaced by complete medium and IFN-g added to the
medium. Cells were harvested 12, 18, 24, 36 or 48 h later
and fixed with cold 70% ethanol. The DNA content was
then stained using PI and analyzed by flow cytometry
with a FACSCan (Becton-Dickinson). Cell cycle re-
partition was determined by analysis of the data with
ModFit LT (Verity Software House, Topsham, ME).

4.5. A549/Jurkat cells co-culture

Resting Jurkat cells were cultured for 24 h in 100 mm
culture plates in complete medium containing 100 ng
mL�1 phorbol 12-myristate 13 acetate and 500 ng
mL�1 ionomycin. At the same time, A549 cells were
seeded and cultured for 24 h. IFN-g (250 IU mL�1)
was added to A549 culture 12 h after seeding. After
24 h of incubation, Jurkat cells were pelleted (400 ! g,
5 min) and resuspended with culture supernatant from
individual A549 cell cultures. The Jurkat cell suspen-
sion was then transferred to A549 cell culture plates from
which the culture supernatant originated. Finally whole
cell cultures were harvested 24 h later, stained with
annexin V-FITC/PI and anti-human CD3 antibody.

4.6. Chemokines secretion

The presence of chemokines MIG, MCP-1, IP-10,
RANTES and IL-8, and their concentration, were
determined using a human chemokines cytometric bead
array (Becton-Dickinson). Samples analyzed were cul-
ture supernatants from cells incubated for 48 h with
IFN-g. Each sample was centrifuged after collection
(400 ! g, 5 min), and only the supernatant fraction was
kept for assay.

4.7. Statistical analysis

All experiments were carried out in triplicate and the
data are expressed as the mean G standard error of the
mean. Prism (GraphPad Software, San Diego, CA) was
used to carry out the ManneWhitney t-test or one-way
analysis of variance (ANOVA) for comparisons. The
NewmaneKeuls multiple comparisons test was applied
as a post-test in ANOVA for individual comparisons.
In all analyses, statistical significance was defined as
p ! 0.05.
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