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The primary cause of severe acute respiratory syndrome
(SARS) is a newly discovered coronavirus1–7. Replication of
this SARS coronavirus (SCV) occurs mainly in the lower
respiratory tract, and causes diffuse alveolar damage2,7,8. Lack
of understanding of the pathogenesis of SARS has prevented
the rational development of a therapy against this disease.
Here we show extensive SCV antigen expression in type 1
pneumocytes of experimentally infected cynomolgus macaques
(Macaca fascicularis) at 4 d postinfection (d.p.i.), indicating
that this cell type is the primary target for SCV infection early
in the disease, and explaining the subsequent pulmonary
damage. We also show that prophylactic treatment of SCV-
infected macaques with the antiviral agent pegylated
interferon-α (IFN-α) significantly reduces viral replication and
excretion, viral antigen expression by type 1 pneumocytes and
pulmonary damage, compared with untreated macaques.
Postexposure treatment with pegylated IFN-α yielded
intermediate results. We therefore suggest that pegylated 
IFN-α protects type 1 pneumocytes from SCV infection, and
should be considered a candidate drug for SARS therapy

SARS has recently emerged in the human population as a potentially fatal
respiratory disease. Severely affected patients develop acute respiratory
distress syndrome7–10, which corresponds with diffuse alveolar damage
(DAD) at autopsy2,11. A newly discovered coronavirus, SCV, has been
identified as the primary cause of SARS1,2,5–7. SARS patients have been
treated empirically with a combination of ribavirin, oseltamivir, antibi-
otics and corticosteroids7–9. However, neither case-control studies nor
animal models have been used to determine the efficacy of these drugs.
The choice and evaluation of potential drugs is also hampered by poor
understanding of the pathogenesis of SARS.

We previously hypothesized that SCV infects type 1 pneumocytes,
based on the character of the pulmonary lesions in experimentally
infected macaques and the known tropism of other respiratory coron-
aviruses for type 1 pneumocytes2. We found extensive type 2 pneumo-

cyte hyperplasia in the lungs of SCV-infected macaques at 6 d.p.i., sug-
gesting that there had been loss of type 1 pneumocytes at an earlier stage
of infection2,12. To determine whether type 1 pneumocytes are infected
by SCV at an earlier stage of infection, we conducted pathological and
immunohistochemical examinations of the lungs of four SCV-infected
macaques (control group) at 4 d.p.i.. The lungs had multifocal, acute
DAD, which was characterized by flooding of alveoli with protein-rich
edema fluid mixed with neutrophils and rare syncytia, extensive loss of
alveolar and bronchiolar epithelium, and occasional type 2 pneumocyte
hyperplasia (Fig. 1a; for comparison, normal alveolar morphology is seen
in Fig. 1b). Immunohistochemistry revealed extensive SCV antigen
expression by squamous cells lining the alveolar walls (Fig. 1c,d; compare
with Fig. 1e). These cells were identified as type 1 pneumocytes by their
location, morphology and expression of keratin in serial sections.
Transmission electron microscopy of alveolar cells revealed coronavirus-
like particles measuring about 70 nm in diameter with typical internal
nucleocapsid-like structure (Fig. 1f,g). These cells were identified as 
type 1 pneumocytes because they lined the alveolar lumen, were closely
apposed to the basement membrane, were squamous, contained abun-
dant pinocytotic vesicles, and—in contrast to type 2 pneumocytes—had
neither lamellar bodies nor microvilli13. As found previously in experi-
mentally infected macaques at 6 d.p.i., less extensive SCV antigen expres-
sion also was detected in hyperplastic type 2 pneumocytes within
inflammatory foci2 (Fig. 1h). Together, these histopathologic and
immunohistochemical findings show that type 1 pneumocytes are the
main target of SCV in early infection, and are associated with DAD.

An effective antiviral agent for the treatment of SCV infection is needed
because decreasing viral replication in the first phase of SARS may reduce
the severity of subsequent pathological damage, as has been found in
another model of viral-induced DAD14,15. IFN-α may inhibit replication
of animal and human coronaviruses16–18. As a candidate drug, we tested
the efficacy of pegylated recombinant IFN-α2b, a registered drug for the
treatment of chronic hepatitis C19. We chose this drug because it is regis-
tered and therefore directly available, because human recombinant IFNs
inhibit SCV replication in vitro20, and because pegylation optimizes the
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pharmacokinetic properties of IFN21. We first tested the effect of pegy-
lated IFN-α on SCV-infected Vero cells, and observed a dose-dependent
antiviral effect (Fig. 2a). We then determined the plasma levels of pegy-
lated IFN-α after intramuscular injection into a group of six macaques
(prophylactic group). High plasma levels were attained 1 d after injection
(Fig. 2b), similar to peak levels found in patients after subcutaneous injec-
tion with 3-µg/kg pegylated IFN-α21. Because IFN-α is known to activate
macrophages22, we measured plasma levels of neopterin after pegylated
IFN-α treatment,as a measure of macrophage activation.Neopterin levels
were increased in all animals (Fig. 2c), confirming the biological availabil-
ity of pegylated IFN-α in the treated macaques.

To evaluate the prophylactic use of pegylated IFN-α, we experimen-
tally infected the macaques in the prophylactic group with SCV 3 d after
the start of pegylated IFN-α treatment, and compared virological and

pathological parameters with a control group of four macaques treated
with PBS. We limited our investigation to pharyngeal swabs and the lung
because an earlier study did not provide evidence of extensive viral repli-
cation in other organs2 .We found that all parameters were significantly
(P < 0.05) reduced in the prophylactic group compared with the control
group. Virus excretion from the pharynx was abrogated (Fig. 3), and the
virus titer in the lungs at 4 d.p.i. was significantly (P < 0.01) reduced 
(Fig. 4a). Immunohistochemistry showed that expression of SCV antigen
in type 1 pneumocytes was reduced by 90% (Figs. 1e and 4b). By pathol-
ogy, the extent and severity of DAD was reduced by 80% (Figs. 1b and
4c). These data indicate that prophylactic use of pegylated IFN-α sub-
stantially, although not completely, protects type 1 pneumocytes of
experimentally infected macaques from SCV infection, with abrogation
of virus excretion and reduced severity of pulmonary lesions.

a b

c d e f

g hFigure 1 Histological lesions and immunohistochemical and ultrastructural
detection of SCV in lungs of experimentally infected macaques. (a) DAD in
pulmonary alveoli (control group). (b) Normal pulmonary alveoli (prophylactic
group). (c,d) SCV antigen expression in type 1 pneumocytes (control group).
(e) Lack of SCV antigen expression in pulmonary alveoli (prophylactic group).
(f) Viral nucleocapsids in cytoplasmic vesicle of type 1 pneumocyte (control
group), showing pinocytotic vesicles (arrowheads) and basement membrane
(arrows). Scale bar, 1 µm. (g) Higher magnification of viral nucleocapsids
shown in f. Scale bar, 200 nm. (h) SCV antigen expression in type 2
pneumocytes (control group). Sections were stained with H&E (a,b), for 
SCV antigen (c–e,h), or with uranyl acetate and lead citrate (f,g). Original
magnification, ×25 (a left, b left), ×100 (a right, b right, c,e) or ×250 (d,h).
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Figure 2  Antiviral activity of pegylated IFN-α
against SCV in vitro and its biological activity in
macaques. (a) Effect of pegylated IFN-α against
SCV infection in vitro. Similar results were obtained
in three separate experiments. (b) Pharmacokinetic
analysis of pegylated IFN-α (b) and induction of
neopterin (c) in macaques treated with PBS (�,
control group; n = 4) or pegylated IFN-α (�,
prophylactic group; n = 4) on days –3 and –1. Data
are expressed as mean ± s.d. **, P < 0.01
compared with control.

©
20

04
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
m

ed
ic

in
e



L E T T E R S

292 VOLUME 10 | NUMBER 3 | MARCH 2004  NATURE MEDICINE

To test the efficacy of pegylated IFN-α as an antiviral agent postex-
posure, we injected pegylated IFN-α intramuscularly into a postexpo-
sure group of four macaques, 1 and 3 d after experimental SCV
infection, and evaluated them in the same way as the prophylactic
group. Excretion of SCV from the pharynx was found only 2 d.p.i., at a
significantly (P < 0.05) reduced level compared with the control group
(Fig. 3). Moreover, the virus titer in the lungs at 4 d.p.i. was signifi-
cantly (P < 0.01) decreased, whereas the remaining parameters were
less reduced (Fig. 4a–c). These results show that use of pegylated 
IFN-α 1 d postexposure protects type 1 pneumocytes of experimen-
tally infected macaques from SCV infection, but is less effective than
prophylactic use.

In this study, we have shown that type 1 pneumocytes are the main
target cells for SCV infection of cynomolgus macaques early in the dis-
ease, and that pegylated IFN-α protects type 1 pneumocytes from SCV
infection. The first point—type 1 pneumocytes as the primary target
cell—is evident from the extensive presence of SCV in type 1 pneumo-
cytes at 4 d.p.i. (Fig. 1c,d). Targeting of type 1 pneumocytes by SCV
explains why clinical disease and lesions are centered on the lower res-
piratory tract7,11,23, and fits with the lesions in early fatal SARS cases in
humans11,23 and in experimentally infected macaques euthanized at 
6 d.p.i. (ref. 2). When the pathological studies in humans and
macaques are examined together, the following temporal sequence of
lung lesions emerges: viral infection and subsequent loss of type 1
pneumocytes; acute DAD characterized by flooding of alveolar lumina
with highly proteinaceous edema fluid; chronic DAD characterized by
type 2 pneumocyte hyperplasia; and, in severe cases, extensive pul-
monary fibrosis. This sequence of events corresponds to the stereo-
typic alveolar reaction to acute lung injury from a variety of causes12.
More detailed experimental studies will be needed to identify other
possible target cells and further elucidate the pathogenesis of SARS.

The second point—that pegylated IFN-α protects type 1 pneumo-
cytes from SCV infection—is based on the beneficial effect of pegy-
lated IFN-α therapy initiated 3 d before SCV inoculation of macaques.
In these macaques, SCV infection of type 1 pneumocytes and severity
of lung lesions were significantly reduced (Fig. 4), and viral excretion
was abrogated (Fig. 3). Pegylated IFN-α treatment may have an
important influence on the outcome of SARS. In both virus-
induced14,15 and toxin-induced24 DAD, the severity of pulmonary
damage is dose dependent, with higher doses causing increased pul-
monary fibrosis, loss of lung function and mortality. Reduction of the
viral load by pegylated IFN-α therapy at an early stage of SCV infec-
tion might therefore help prevent serious or fatal outcome of SARS

associated with pulmonary fibrosis. In addition to potential disease
mitigation, reduced viral excretion through pegylated IFN-α therapy
may also have an epidemiological effect by reducing the spread of SCV
in the human population. Whether the mechanism of pegylated 
IFN-α protection is by direct antiviral activity or immunostimulatory
effects25 remains to be determined.

The reduced protection of type 1 pneumocytes by pegylated IFN-α
in the postexposure group compared with the prophylactic group was
probably because the initiation of therapy (at 1 d.p.i.) was too close to
the peak of viral infection in the lungs (at 2 d.p.i.; Fig. 3). Thus, sub-
stantial infection of type 1 pneumocytes may already have occurred by
the time pegylated IFN-α reached therapeutic levels. These in vivo
findings are in accordance with the reduced in vitro activity against
SCV of IFN-α added after infection, compared with IFN-α added
before infection20. It also corresponds to the results of IFN therapy
against acute virus infections in most animal models, where IFN is
most effective when administered before virus inoculation or before
the peak of virus replication in the target organ26.

The time interval during which effective postexposure treatment
with pegylated IFN-α can be initiated may be longer in humans than
in experimentally infected macaques. This is because the peak of SCV
infection in the lungs occurs around 16 d.p.i. in humans—based on an
average incubation period of 6 d (refs. 9,27) and a peak in viral excre-
tion 10 d after onset of symptoms28—compared with 2 d.p.i. in the
macaques (Fig. 3).

In conclusion, these studies show that type 1 pneumocytes are the
main target cells for SCV infection of
macaques early in the disease, and that pegy-
lated IFN-α, a commercially available antivi-
ral drug, protects these cells from SCV
infection. We believe that these preliminary
results warrant clinical studies with pegylated
IFN-α, if and when SARS re-emerges.
Prophylactic or early postexposure treatment
with pegylated IFN-α may help reduce the
impact of SCV infection on health-care work-
ers and others possibly exposed to SCV, and
may limit the spread of the virus in the
human population.

METHODS
Antiviral assay. Wells containing Vero cells were
treated in triplicate with pegylated recombinant 
IFN-α (PEG-Intron, Schering) for 16 h and infected

Control 
group

Prophylactic
group 

Postexposure
group

Figure 3  Effect of pegylated IFN-α on SCV excretion in macaques. SCV
detection in pharyngeal swabs taken at 0, 2 or 4 d.p.i. from macaques
treated with PBS (control group; n = 4) or pegylated IFN-α prophylactically
(n = 6) or postexposure (n = 4). Eq, equivalents. Data are expressed as mean
± s.d. *, P < 0.05; **, P < 0.01 compared with control group at 2 d.p.i.
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Figure 4  Effect of pegylated IFN-α on SCV replication, viral antigen expression and histological lesions
in lungs of SCV-infected macaques at 4 d.p.i. (a) SCV titration of lung homogenates. TCID50, median
tissue culture infectious dose. (b) Immunohistochemical detection of SCV-infected cells in lung
sections. (c) Histopathological scoring of lung sections. SCV-infected macaques were treated with
pegylated IFN-α prophylactically (n = 4) or postexposure (n = 4), or with PBS (control group; n = 4).
Data are expressed as mean ± s.d. *, P < 0.05; **, P < 0.01 compared with control group. 

©
20

04
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
m

ed
ic

in
e



L E T T E R S

NATURE MEDICINE VOLUME 10 | NUMBER 3 | MARCH 2004 293

with 100 median tissue culture infectious dose (TCID50)/well SCV (obtained from
patient 5688, who died of SARS2). After 16 h, the supernatant was removed and
cells were fixed with 10% neutral-buffered formalin and 70% ethanol (10 min at
room temperature). SCV antigen–positive cells were visualized by immunohisto-
chemistry, as described below. The numbers of SCV-infected cells per well were
summarized as mean ± s.d.

Macaque studies. Approval for animal experiments was obtained from the
Institutional Animal Welfare Committee. Three groups of cynomolgus macaques
were infected intratracheally with 1 × 106 TCID50 SCV suspended in 5 ml of PBS.
The control group (n = 4) was injected intramuscularly with PBS, while the pro-
phylactic (n = 6) and postexposure (n = 4) groups were treated with pegylated
IFN-α at a dose of 3 mg/kg. The prophylactic group was injected with pegylated
IFN-α on days –3, –1, 1 and 3 after SCV infection; the postexposure group was
injected on days 1 and 3 after SCV infection. Four macaques from each group
were euthanized on day 4 after infection.At days –3, –2, –1, 0, +2 and +4, we anes-
thetized the macaques with ketamine, collected 10 ml blood from inguinal veins
and took pharyngeal swabs, which were placed in 1 ml transport medium29.
Pharyngeal swabs were frozen at –70 °C until RT-PCR analysis. Pegylated IFN-α
levels were determined using ELISA (Bender MedSystems Diagnostics) with
PEG-Intron as a standard. Neopterin levels were determined as described22.
Necropsies were done according to a standard protocol; one lung of each monkey
was inflated with 10% neutral-buffered formalin by intrabronchial intubation
and suspended in 10% neutral-buffered formalin overnight. Samples were col-
lected in a standard manner (one from the cranial part of the lung, one from the
medial part and two from the caudal part), embedded in paraffin, cut at 5 µm and
used for immunohistochemistry (see below) or stained with H&E.

For semiquantitative assessment of SCV infection–associated inflammation
in the lung, each H&E-stained section was examined for inflammatory foci by
light microscopy using a 10× objective. Each focus was scored for size (1, smaller
than or equal to area of 10× objective; 2, larger than area of 10× objective and
smaller than or equal to area of 2.5× objective; 3, larger than area of 2.5× objec-
tive) and severity of inflammation (1, mild; 2, moderate; 3, marked). The cumu-
lative scores for the inflammatory foci provided the total score per animal.
Sections were examined without knowledge of the identity of the macaques. The
lung sections of one monkey in the postexposure group were not assessed
because of the presence of inflammation from premortem aspiration of food
remains. Lung samples from a control macaque were used for transmission elec-
tron microscopy as described2.

Three lung tissue samples taken from the other lung (one from the cranial part
of the lung, one from the medial part and one from the caudal part) were homog-
enized in 2 ml transport medium29 using Polytron PT2100 tissue grinders
(Kinematica). After low-speed centrifugation, the homogenates were frozen at 
–70 °C until inoculation on Vero 118 cell cultures in tenfold serial dilutions. The
identity of the isolated virus was confirmed as SCV by RT-PCR of the supernatant.

Immunohistochemistry. The same formalin-fixed, paraffin-embedded lung sam-
ples that were used for histology—one from the cranial part of the lung, one from
the medial part and two from the caudal part—were cut at 5 µm and stained for
SCV antigen using either biotinylated purified human IgG from a convalescent
SARS patient, negative-control biotinylated purified human IgG, or the dilution
buffer, as described previously2. Twenty-five arbitrarily chosen 20× objective fields
of lung parenchyma in each lung section were examined by light microscopy for
the presence of SCV antigen expression, without knowledge of the identity of the
macaques. The cumulative scores for each animal were expressed as number of
positive fields per 100 fields (%). Selected lung sections from macaques in the con-
trol group were stained with monoclonal antibody AE1/AE3 to cytokeratin
(Neomarkers) for identification of epithelial cells, according to standard immuno-
histochemical procedures.

SCV RT-PCR. RT-PCR with primers and probe specific for the nucleoprotein
gene of SCV was used to quantify SCV in swabs, as described2. Serial dilutions of
the SCV stock were used as a standard, and results were expressed as SCV equiva-
lents per ml swab medium.

Statistical analysis. Data were compared using the Student t-test (antiviral activity
of pegylated IFN-α against SCV in vitro and its biological activity in macaques) or
one-way ANOVA and Dunnett’s multiple-comparison test (effect of pegylated

IFN-α on SCV excretion, SCV replication, viral antigen expression and histologi-
cal lesions in the lungs). Differences were considered significant at P < 0.05.
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