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Abstract

A novel coronavirus (CoV) has been described in association with cases of severe acute respiratory syndrome (SARS). The virus, SARS-
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oV, differs from the previously described human coronaviruses, 229E and OC43. 229E was previously shown to productively inf
onocytes/macrophages, whereas OC43 poorly infected the cells. In this study, we examined whether SARS-CoV could product
urified monocytes/macrophages (PM) derived from human donor cells. Unlike 229E-infected cells, which produced viral titers o3.5 to
06 TCID50/ml, SARS-CoV replicated poorly in PM, producing titers of 101.75 to 102 TCID50/ml. This finding was similar to results report

or OC43-infected cells, with titers ranging from 101.2 to 102.7 TCID50/ml. Of interest, SARS-CoV proteins were detected only in PM
id not produce significant amounts of interferon (IFN)-�, and in one such case, preliminary electron microscope studies demonstra
ARS-CoV-like particles could enter the cells, possibly via phagocytosis. These results suggest that SARS-CoV, like human C
oorly infects human PM, and production of IFN-� by these cells further limits the infection. Given the importance of monocytes/macrop

o the immune response, it is possible that their infection by SARS-CoV and alteration of this infection by IFN-� may be important to th
ourse of the infection in humans.
ublished by Elsevier B.V.
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. Introduction

SARS-coronavirus (SARS-CoV), which was discovered
n association with cases of severe acute respiratory syndrome
SARS), is a newly identified member of a diverse group
f large, enveloped, positive-strand RNA viruses of the or-
erNidoviralesin the familyCoronaviridae(Holmes, 2003;
erger et al., 2004). A number of coronaviruses have been
escribed. They include the human coronaviruses 229E and
C43 and a number of animal coronaviruses, such as mouse
epatitis virus (Stadler et al., 2003; Holmes, 2003). The struc-

ural proteins of SARS-CoV include the large type I mem-
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brane glycoprotein spike (S) (∼200 kDa), which binds to th
receptor, the nucleoprotein (N) (∼45.9 kDa), the membran
glycoprotein or matrix protein (M) (∼25 kDa), and the sma
envelope protein (E) (∼14 kDa) (Stadler et al., 2003; Ying
al., 2004). The angiotensin-converting enzyme 2, or AC
receptor, assumed to be absent from monocyte/macro
surfaces (Harmer et al., 2002), was recently identified as
receptor for SARS-CoV entry into the permissive cell
Vero E6 (Li et al., 2003b).

Studies in Vero E6 cells have helped describe several
acteristics of SARS-CoV infection (Ksiazek et al., 2003
Kuiken et al., 2003; Ng et al., 2003a,b; Goldsmith et al.
2004). The virus can bind, enter, and uncoat in cells wi
30 min (Ng et al., 2003a). Ultrastructural characterizatio
studies demonstrate replication in the cytoplasm of infe

168-1702/$ – see front matter. Published by Elsevier B.V.
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cells by virions, which bud upon the membranes of the endo-
plasmic reticulum and migrate to the cell surface while within
the cisternae of the endoplasmic reticulum, where they will
then be extruded to the extracellular space (Ng et al., 2003a,b;
Goldsmith et al., 2004). Extracellular virus particles can be
seen accumulating in large quantities along the plasma mem-
branes of the infected cells (Ng et al., 2003b; Goldsmith et
al., 2004).

SARS-CoV appears highly susceptible to the type I inter-
ferons (IFNs), as these studies reveal (Cinatl et al., 2003;
Hensley et al., 2004; Spiegel et al., 2004; Ströher et al.,
2004). It is well known that by producing IFN-�/�, mono-
cytes/macrophages participate in inducing resistance to viral
replication. The cytokines activate cellular genes that destroy
viral mRNA and inhibit the translation of proteins. In addi-
tion, IFN-�/� induce major histocompatibility complex class
I protein expression in infected cells, increasing the level of
protein presentation to CD8+ T cells and the ability of unin-
fected cells to resist killing by natural killer cells (Goodbourn
et al., 2000).

In a previous study, monocytes/macrophages were in-
fected with human CoVs, 229E and OC43 (Collins, 2002).
Macrophages express human peptidase N (Yeager et al.,
1992), which has been identified as the receptor for 229E;
the receptor for OC43 is still unknown (Collins, 2002). The
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CD11b, CD3, HLA-A, -B, -C, HLA-DR) and was >99%.
Viability by Trypan blue exclusion was >95%. The same
donor cells could not be used in every experiment because
their numbers were limited. To minimize inter-donor vari-
ability, PBMC were obtained in bulk and frozen for use in
replicate experiments. Vero E6 cells (a gift from Anthony
Sanchez, Centers for Disease Control and Prevention [CDC],
Atlanta) were cultured in Dulbecco’s modified Eagle medium
(DMEM; Invitrogen Life Technologies) supplemented with
5% fetal bovine serum. [35S]-methionine (specific radioac-
tivity, >1000 Ci/mmol) was obtained from ICN, and fetal
calf serum, RPMI-1640, penicillin/streptomycin (100×), and
methionine-free medium were from Invitrogen Life Tech-
nologies.

2.2. Antibodies

The human convalescent serum (HCS) that was used for
protein detection was obtained from a SARS-CoV-positive
patient (seeKsiazek et al., 2003), 18 days after infection.
The anti-Spike (anti-S) monoclonal antibody (mAb; a gift
from Ralph Tripp, CDC, Atlanta) used in these experi-
ments neutralizes SARS-CoV. Both antibodies were used to
identify SARS-CoV proteins in infected PM and Vero E6
cells.
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tudy by Collins showed that 229E efficiently infected mo
ytes and induced apoptosis, as determined by DNA cha
nd annexin V staining, but OC43 poorly infected the c
he apoptosis correlated with differential release of in

ious virus.
We therefore determined whether monocyte/macrop

onor cells could be infected with SARS-CoV by exam
ng their ability to produce infectious virus. Since we h
reviously shown that measles virus induced IFN-� produc-

ion in purified monocyte/macrophage (PM) cultures (Yilla
t al., 2003), we also asked whether similar cultures p
uced IFN-� in response to SARS-CoV infection. SAR
oV (Urbani strain) was used to infect PM derived fr
ealthy adult donors. Results from the study suggest
ARS-CoV infection of the PM cultures yields little produ

ive virus and that IFN-� might curb SARS-CoV infection o
hese cells.

. Materials and methods

.1. Cell culture

Blood from healthy adult donors, labeled A–H, w
ollected into heparinized tubes, and peripheral b
ononuclear cells (PBMC) were isolated from buffy co
enerated by lymphocyte separation medium (ICN/Cap
ells were collected and processed as described prev

Yilla et al., 2003). Monocytes were isolated by using CD
icrobeads (Mitenyi Biotec) according to the manufactu
rotocol. Purity was assessed by flow cytometry (CD
.3. Virus preparation

SARS-CoV (Urbani strain) was isolated from a SAR
nfected patient described inKsiazek et al. (2003)andRota
t al. (2003)and propagated in Vero E6 cells. The titer

he Urbani SARS-CoV as determined on a Vero E6 m
ayer was 106 50% tissue culture-infective dose (TCID50)/ml.
n brief, TCID50 was determined by adding serial di
ions of the virus to a Vero E6 monolayer in a 96-w
late. The wells were inspected daily for virus-induced

opathic effects. Four days after infection, the supern
as removed and the cells were washed twice with
nd stained with 2 ml of crystal violet solution for 1 h. A

er being stained, the cells were washed twice with
nd allowed to air dry. Titers were subsequently reco
s Log10 TCID50 units, using the Karber method (Gray,
999).

.4. In vitro assays

PM (1× 106) were plated in 24-well plates (Corning In
nd infected with 1× 105 TCID50 of SARS-CoV Vero E6 su
ernatant, contained in a volume of 100�l, for 1 h at 37◦C in
erum-free medium while rocking. Cells were subseque
ultured in the presence of serum for 0, 24, 48, or
Fig. 1). Control cells were mock-infected with uninfec
ero E6 cell supernatant from equivalent cell numbers.
roximately 12–16 h after infection, the monocytes displa
haracteristics typical of macrophages.
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Fig. 1. (A) PM from donor E was either mock infected with Vero E6 su-
pernatant or infected with 1× 105 TCID50 of SARS-CoV for 0, 24, 48,
or 72 h. To detect SARS-CoV proteins by flow cytometric analysis, cells
were permeabilized and stained with human convalescent serum that rec-
ognizes SARS-CoV proteins. The percentages of protein-positive cells (y-
axis) are recorded as a function of time (x-axis). (B) PM from donors D
and E were either mock infected or infected with SARS-CoV with the indi-
cated amounts of cell supernatant for 48 h. Cells were analyzed as described
for Fig. 1A. Ten thousand events were collected in this and subsequent
experiments.

2.5. Cytokine assays

An indirect ELISA that reacts with all isotypes was
used to quantitate the levels of IFN-� in experimental sam-
ples. Human IFN-� (PBL Biomedical Labs) was used as
the assay standard to estimate the concentration of IFN
induced in the experiment. Cytokine controls and experi-
ment samples were added to anti-IFN antibody-coated mi-
crotiter wells (PBL Biomedical Labs) and assayed accord-
ing to the manufacturer’s protocol. One unit of IFN-�
was equivalent to 4 pg. In antibody neutralization experi-
ments, PM (1× 106) were treated 30 min prior to infection
with >1000 neutralizing U/ml anti-IFN-� antibody (Chemi-
con International). PM were cultured 48 h after infection
and then analyzed for the presence of SARS-CoV pro-

teins. To test if infectious virus was produced from donors
A, H, and I, the innoculum was washed off after 1 h and
cells were re-incubated for 48 h with fresh medium con-
taining anti-IFN-� antibody prior to processing for SARS
antigen.

2.6. Biochemical analysis and gel electrophoresis

Vero E6 cells (2.5× 105) were starved in 1 ml of
methionine-free DMEM for 20 min at 37◦C prior to label-
ing with 0.1 mCi/ml [35S]-methionine. Incorporation of label
was terminated by the addition of 1 mM cold methionine af-
ter 1 h. Cells were collected by centrifugation and lysed for
20 min in lysis buffer (0.1% SDS; 1.0% TX-100; 1% NaDOC,
150 mM NaCl, 10 mM Tris–HCl, pH 7.2 and 5 mM EDTA)
containing 1 mM PMSF and 100�M Pefablock (Boehringer
Mannheim). All immunoprecipitations of total lysates were
preceded by preclearing the cell lysate with normal mouse
serum. Immune complexes were then removed by adsorp-
tion to protein G-sepharose beads. Precleared lysates were
immunoprecipitated with the different antisera in parallel
(Fig. 2), and the immune complexes, which were adsorbed
to protein G-sepharose beads, were collected by centrifuga-
tion. Immune complexes were washed and prepared for SDS-
polyacrylamide gel electrophoresis as previously described
(
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Burke et al., 1984).

.7. Flow cytometry

In brief, PM were washed in PBS containing 0.5% bov
erum albumin and 0.05% sodium azide (FACS buffer)
esuspended in FACS buffer containing appropriately dil
ntibody. Cells were stained for SARS proteins, using

her HCS (a gift from Tom Ksiazek, CDC) or anti-S mAb
ift from Ralph Tripp, CDC). Anti-HLA-A, -B, and -C locu
roducts (clone G46-2.6; BD Bioscience Pharmingen),
LA-DR (clone Tu36; BD Bioscience Pharmingen), a
D14 (clone RMO52; Beckman Coulter), anti-CD11b (cl
ear 1; Beckman Coulter), and anti-CD3 (clone UCH
eckman Coulter) were used to detect the presence o
ence of the respective proteins on the PM surface. Cells
urface-stained with antibodies for 20 min at 4◦C, washed

n FACS buffer, and then fixed with 4% paraformaldeh
or 20 min at 4◦C. Cells were then permeabilized in FA
uffer containing 0.1% Saponin (permeabilization buf
or 10 min at room temperature to test for the intrace
ar presence of SARS proteins. Internal staining for SA
oV was carried out for 30 min at room temperature w
ither HCS or anti-S mAb as indicated in the figure
nd (Figs. 1, 3, 4 and 5). Reactive antibodies were detec
y indirect staining, using either goat anti-mouse or
nti-human secondary antibodies conjugated to AlexaF
88 (Molecular Probes, Inc.). Stained cells were anal
y four-color flow cytometry (Beckman Coulter EPICS-X
ith Beckman Coulter EXPO32 ADC software. Side s

er versus forward scatter parameters were used to
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Fig. 2. Vero E6 monolayers were either mock infected with Vero E6 supernatant or infected with 105 TCID50 of SARS-CoV. Cells were radiolabeled with
[35S]-methionine for 1 h. The cells were harvested and lysed as described in Section2. Subsequently, the clarified cell lysates were immunoprecipitated with
anti-S mAb or with human convalescent serum (Human Conv. Serum) and immune complexes were collected by adsorption to protein G-sepharose beads.
Proteins were identified following separation on 12.5% SDS-PAGE gel.

cells by size. Side scatter versus HLA-DR (a marker for
monocytes and macrophages) was used to analyze mono-
cyte/macrophage cell populations. Quadrant analysis using
FL1 (fluorescein isothiocyanate) versus FL3 (phycoerythrin-
texas red) was used to differentiate infected CD14 cells from
uninfected cells. Mean fluorescence intensity measurements
from the generated plots were displayed as graphs in the
figures.

2.8. Electron microscopy

Cells were prepared for electron microscopy accord-
ing to published protocols (Goldsmith et al., 2003). In
brief, PM were infected with SARS-CoV for 15 h and then
fixed in 2.5% buffered glutaraldehyde. Specimens were
processed for embedding in epoxy resins and then sec-
tioned.

3. Results

3.1. Analysis of SARS-CoV infection of peripheral
monocytes/macrophages

We examined PM for the presence of SARS-CoV proteins
following infection with SARS-CoV or mock infection with
Vero E6 supernatant. A time-course experiment (0–72 h) was
carried out in order to determine whether SARS-CoV could
replicate in PM (Fig. 1A). Protein was detected by using an
HCS that recognizes the SARS-CoV S (∼200 kDa) and N
(∼50 kDa) proteins from35[S]-methionine-labeled, infected
Vero E6 cells (Fig. 2). Radiolabeling with cysteine is required
to reveal additional SARS-CoV proteins (unpublished obser-
vations). Peak protein levels were detected in PM 48 h after
infection.Fig. 1B shows results from titrations done on cells
from two donors. Since the highest amount of protein was
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Fig. 3. A representative flow cytometry plot displaying reactivity against SARS-CoV antigens is shown. All cells shown were HLA-DR positive. CD14+ cells
(y-axis) versus SARS-CoV-positive cells (x-axis) (revealed with the human convalescent serum) are shown. The percentage of HLA-DR+ cells that express
both CD14 and SARS-CoV S protein are shown in the upper quadrant.

detected following addition of 105 TCID50 of virus, all sub-
sequent experiments were carried out at this concentration
for 48 h. At higher inoculum of virus, the Vero E6 cell super-
natant was toxic to the cells and resulted in fewer infected
cells (Fig. 1B). In these experiments, the level of background
staining was usually low as shown inFig. 3.

We next tested PM from the nine donors (A–I;Fig. 4),
using HCS: cells from four of the nine donors were positive
for SARS-CoV protein, which was detected internally after
the cells were permeabilized. No reactivity to the serum was
detected on the cell surface (data not shown). When anti-

S mAb became available, we used it to test mock-infected
and SARS-CoV-infected PM from four donors (B, D, H,
and I) for SARS S protein (Fig. 4 inset). This mAb reacts
with a single∼200 kDa protein from SARS-CoV-infected
Vero E6 cells (Fig. 2). We found that donor PM that were
reactive to the HCS were also reactive with the mAb to S
protein. Similarly, the absence of S protein in the PM of
infected donors H and I was consistent with the absence
of other SARS-CoV proteins that could be detected by the
HCS. Thus, infection of PM with SARS-CoV was successful
in some but not all PM studied. We tested donors C and F

F atant or ins
b th hum rcentages
p t) PM f pernatant
o rotein w
ig. 4. Donor PM (A–I) were either mock infected with Vero E6 supern
y flow cytometric analysis, cells were permeabilized and stained wi
rotein-positive cells (y-axis) are recorded for each donor tested. (Inse
r infected with 1× 105 TCID50 of SARS-CoV for 48 h. SARS-CoV S p
infected with 105 TCID50 of SARS-CoV for 48 h. To detect SARS-CoV prote
an convalescent serum that recognizes SARS-CoV proteins. The peof
rom donors B, D, H, and I were either mock infected with Vero E6 su
as detected by flow cytometric analysis, using anti-S mAb.
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Table 1
Donor profiles and PM response to SARS-CoV infection

Donor Age
(years)

Race Sex IFN-� (U/ml) SARS
proteins

A 33 White F 73.75± 6.72 −
B 23 White F ≤0.00 +
C 50 White F 2.11± 0.22 +
D 54 Black F 0.36± 0.06 +
E 55 White M 8.55± 0.03 +
F 55 White M 8.82± 0.25 −
G 40 White M ≤0.00 −
H 29 Asian F 266.10± 15.47 −
I 45 Asian M 60.0 ± 3.44 −
Donor profiles, reactivity to SARS antibodies and the results from IFN-� as-
says are shown. IFN-� levels in supernatants were measured by ELISA. Me-
dia from PM (106) were evaluated. Mean values± standard deviations from
two independent experiments done on donor cells are shown (P< 0.01). Vero
E6 cells do not produce IFN (data not shown;Diaz et al., 1988). + = positive
for SARS-CoV proteins;− = negative for SARS-CoV.

for the production of infectious virus. Very low virus titers
(102 TCID50/ml) were obtained from donor F, and no in-
fectious virus was secreted by infected PM from donor C.
This implied that despite the detection of SARS-CoV protein,
high-titered virus was not being secreted from the infected
PM.

3.2. Interferon-� assay

PM have been shown to release IFNs after viral infection
(Yilla et al., 2003). Therefore, we asked whether SARS-CoV
also induced IFN-� in PM. Supernatants from SARS-CoV-
infected PM or mock-infected PM were tested for IFN-�
production 48 h after infection (Table 1). In cells from three
of the nine donors studied (donors A, H, and I), significant
levels of IFN-� (∼60–260 U/ml) were measured following
SARS-CoV infection. Furthermore, SARS-CoV protein was
not detected in these donor PM. In the remaining six donors,
B–G, absent or low levels of IFN-� (≤8 U/ml) were detected
following infection. SARS-CoV proteins could be observed
in cells from four of these six donors (B–E) (Table 1). We
examined the age, race, and sex of the donors to determine
whether any of these parameters influenced the response to
SARS-CoV (Table 1). Due to the small number of donors,
we were unable to convincingly show that any of these fac-
t g low
l in
D ria-
t gest
t to
s

3

ence
o ence
o -
b wo

Fig. 5. PM from two donors were either mock infected or infected with
105 TCID50 of SARS-CoV for 48 h in the presence (top panel) or ab-
sence (bottom panel) of 1000 U/ml neutralizing anti-IFN-�. Mock-infected
(dashed line) or SARS-CoV-infected (solid line) cells were prepared for flow
cytometry. Cells were permeabilized and stained for S protein with anti-S
mAb. The histogram plots show the amount of S protein detected, expressed
as mean fluorescence intensity (MFI) values along thex-axis. The peak
height shown on they-axis is a measure of the number of events collected.

IFN-�-producing donors (H and I) with IFN-�-neutralizing
antibody, we analyzed SARS-CoV protein expression in the
cells (Fig. 5). Addition of IFN-�-neutralizing antibodies led
to detection of SARS-CoV proteins in both previously nega-
tive donor cells. The percentage of positive cells was higher
in donor I (56%) than donor H (34%) possibly because donor
I cells produced lower levels of IFN (i.e., levels that could be
more easily neutralized). Addition of anti-IFN-� and IFN-�
failed to improve detection of S protein (data not shown).
Furthermore, in the presence of IFN-�-neutralizing anti-
body, infected cells produced low levels of infectious virus
(∼101.75TCID50/ml).

3.4. Ultrastructural analysis of infected cells

Electron microscopy was used to further characterize
SARS-CoV infection in cells (from donor B) that did not pro-
duce IFN-� following infection. Clusters of virus-like parti-
cles could be seen engulfed by pseudopod-like extensions of
the macrophage in preparation for entry into the cell, possi-
bly by phagocytosis (Fig. 6A). Within the cytoplasm, SARS-
CoV virions were seen aggregated in enlarged membrane-
bound structures presumed to be phagolysosomes (Fig. 6B),
although the phagocytic nature of these structures has yet to
be confirmed. None of the morphologic features indicative of
v nor
B mic
m repli-
c rions
t

ors influenced the results we obtained. Despite secretin
evels of IFN-�, SARS-CoV proteins failed to be detected
onor G. We were unable to identify a reason for this va

ion from the pattern seen with other donors. It does sug
hat multiple factors may affect the ability of donor cells
upport SARS-CoV infection.

.3. IFN-� neutralization experiments

Since SARS-CoV infection, as specified by the pres
f protein, was associated with low levels or the abs
f IFN-�, we looked at the effect of IFN-�-neutralizing anti
odies on SARS-CoV infection. After treating cells from t
iral replication were detected in the PM culture from do
, including nascent viral particles forming on cytoplas
embranes, double-membrane vesicles, the proposed

ation complex for coronaviruses, or the adherence of vi
o the cell surface.
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Fig. 6. PM from SARS-CoV-infected cells from donor B were examined by electron microscopy. (A) Evidence of possible phagocytic entry of SARS-CoV
viral particles into PM from donor B (arrow). (B) Intracellular vesicles, presumed to be phagolysosomes, contain SARS-CoV particles (arrows). Bars: 100 nm.

4. Discussion

This study examined whether human monocytes/macro-
phages can support SARS-CoV replication and, as such,
participate in the progression of SARS disease. We found
evidence of virus entry, limited replication, and minimal
production of infectious virus. Viral titers from mono-
cyte/macrophage cultures inoculated with SARS-CoV did
not exceed 102 TCID50/ml, while titers in excess of 106 were
seen in Vero E6 cells. Electron microscope studies suggest
that SARS-CoV might enter a non-IFN-�-producing PM by
phagocytosis rather than by adhesion to the cell surface and
membrane fusion as seen in more permissive cells, but fur-
ther examination would be necessary to determine the actual
mode of viral entry into monocytes and macrophages. Den-
dritic cells were also recently shown to take up SARS-CoV
(Yang et al., 2004).

In PM, virus is detected in phagolysosomes but not
on the cell surface, and virus is not associated with cell

membrane fusion. Flow cytometric studies of SARS-CoV-
infected cells detected no S protein on the cell surface,
thus further suggesting that PM may lack a specific re-
ceptor for SARS entry. Electron microscope studies sug-
gested differences in the replication process between PM
and the more permissive Vero E6 cells. Replicating cen-
ters seen in SARS-CoV-infected Vero E6 cells were ab-
sent in the infected PM that were examined. Most signif-
icantly, SARS-CoV infection of PM appeared to be inhib-
ited by the presence of IFN-�. SARS-CoV antigens were
not detected in PM that produced significant levels of IFN-�
(>10 U/ml); however, they were detected in PM producing
<10 U/ml IFN-� (the PM were from four of six donors) and
in cells producing significant levels of IFN-� after IFN-�-
neutralizing antibody was added to the culture system. Taken
together these data suggest human monocytes/macrophages
can support low-level productive infection by SARS-
CoV and that the level of infection can be modified by
IFN-�.
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Other coronaviruses, 229E and OC43, were previously
shown to infect monocyte/macrophage cultures, but with very
different outcomes (Collins, 2002). 229E infected monocytes
well, inducing apoptosis and releasing higher titers of in-
fectious virus into the culture media. In contrast, OC43 in-
fected monocytes poorly, failed to induce increased apopto-
sis, and released low amounts of infectious virus (Collins,
2002). Our studies of SARS-CoV-infected PM suggest that
like OC43, SARS-CoV also infects monocytes/macrophages
poorly. Both viruses may lack a viable receptor for entry into
monocytes. PBMC of SARS patients were also examined for
evidence of infection and replication of SARS-CoV (Li et
al., 2003a). In this report, minus-strand RNA copies of the
SARS-CoV genome were observed in PBMC and used as
indicators of replicating virus. However such intermediates
were not long lasting and could not be detected 6 days after
infection (Li et al., 2003a).

Sensitivity of SARS-CoV to IFN-�/� has been shown in
monkeys and monkey cell lines. For example, treatment of
Vero E6 cells with IFN resulted in inhibition of SARS-CoV
replication (Cinatl et al., 2003; Hensley et al., 2004; Spiegel
et al., 2004; Str̈oher et al., 2004). Expression of SARS-CoV
proteins in type I pneumocytes of infected macaques was also
severely reduced after prophylactic treatment of the SARS-
CoV-infected monkeys with IFN-� (Haagmans et al., 2004).
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tible and the elderly the most susceptible to serious com-
plications of infection (Wong et al., 2003). It is known that
IFN-� levels are highest in the young and decrease with age
(Katschinski et al., 1994; Shodell and Siegal, 2002). Perhaps
age-associated variations in IFN-� production may help ex-
plain age-associated differences in SARS-CoV disease.

Yang and colleagues recently demonstrated that myeloid
dendritic cells can interact with SARS-CoV S protein and
bind virus (Yang et al., 2004). Although these dendritic cells
could not be infected by SARS-CoV, the authors suggest they
could serve as vehicles to disseminate the virus. This poten-
tial of monocytes/macrophages and dendritic cells to take up
SARS-CoV may be relevant to SARS pathogenesis in vivo.
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