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Summary

Severe acute respiratory syndrome-associated coronavirus (SARS-CoV) causes SARS.

The pathogenic mechanisms of SARS-CoV remain poorly understood. Six cynomol-

gus monkeys were inoculated with the HKU39849 isolate of SARS-CoV via four

routes. After intranasal inoculation, the virus was isolated from respiratory swabs on

days 2–7 postinoculation (p.i.) and virus genome was detected in intestinal tissues on

day 7 p.i. Virus was not detected after intragastric inoculation. After intravenous

inoculation, infectious virus was isolated from rectal swabs, and virus antigen was

detected in intestinal cells on day 14 p.i. After intratracheal (i.t.) inoculation, virus

antigen-positive alveolar cells and macrophages were found in lung and infectious

virus was detected in lymphoid and intestinal tissues. The peribronchial lymph nodes

showed evidence of an immune response. Lung tissue and ⁄ or fluid and ⁄ or the

peribronchial lymph node of the intratracheally inoculated animals had high TNF-a,

IL-8 and IL-12 levels. SARS lung lesions are only generated in monkeys by i.t. ino-

culation. The virus appears to spread into and perhaps via the intestinal and lym-

phatic systems. It has been suggested previously that viraemia may cause intestinal

infections in SARS patients.
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The first case of severe acute respiratory syndrome (SARS)

was identified in China in November, 2002 and was fol-

lowed by a worldwide epidemic that had caused, by Septem-

ber 2003, 8098 cases and 774 deaths in 29 countries (Lee

et al. 2003; World Health Organization 2003). Research

groups rapidly identified the cause to be a novel coronavirus

that was designated as SARS-associated coronavirus (SARS-

CoV) (Drosten et al. 2003; Fouchier et al. 2003a; Ksiazek

et al. 2003; Peiris et al. 2003b).

A prospective study of an outbreak revealed that the clini-

cal progression of SARS is mostly uniform and follows a tri-

phasic pattern (Peiris et al. 2003a). Fever, myalgia, coughing

and a sore throat characterize the first week and are fol-

lowed in the second week by frequent recurrence of fever,

diarrhoea and hypoxaemia. Half of the patients show chest

radiographic abnormalities. IgG seroconversion to SARS-

CoV occurs on days 10–15 and correlates with decreased

viral loads. Some patients show clinical worsening at this

stage. Researchers have suggested that immunopathological

damage from an over-exuberant host response, not uncon-

trolled viral replication, causes the lung damage at this stage

(Nicholls et al. 2003; Peiris et al. 2003a; Wong et al. 2004;

Zhang et al. 2004).

Previous studies have shown that upon intratracheal (i.t.),

intranasal (i.n.), or conjunctival inoculation, SARS-CoV can

replicate in various monkeys including cynomolgus (Macaca

fascicularis) (Fouchier et al. 2003; Kuiken et al. 2003;

McAuliffe et al. 2004; Rowe et al. 2004; Greenough et al.

2005; Qin et al. 2005). These monkeys also develop a

human SARS-like pneumonia (Fouchier et al. 2003; Kuiken

et al. 2003; Rowe et al. 2004; Greenough et al. 2005). How-

ever, only minimal disease is observed 14 days after infec-

tion, and some researchers concluded that the monkey

model may be of limited utility in the study of SARS and

the development of effective therapies (McAuliffe et al.

2004; Rowe et al. 2004). Nevertheless, these animal models

may still be useful for understanding early events of SARS-

CoV infection in vivo. Consequently, we here inoculated

cynomolgus monkeys with SARS-CoV via the i.n., i.t., intra-

venous (i.v.) or intragastric (i.g.) routes and determined their

clinical, pathological and virological profiles. We found that

only the i.t. route induced lung infection and pathology, and

that from the primary infection site the virus can spread

through the body to and perhaps via the intestinal and

lymphatic systems.

Materials and methods

Biosafety level 3 conditions were used. All animal experi-

ments were approved as biosafety level 3 by the Committees

on Biosafety, Animal Experiments and Handling, and

Ethical Regulations of the National Institute of Infectious

Diseases, Tokyo, Japan.

Virus and cells

The HKU39849 isolate isolated early in the epidemic was

kindly supplied by Dr J.S.M. Peiris (Department of Micro-

biology, University of Hong Kong) (Peiris et al. 2003b;

Zeng et al. 2003) and was propagated three times in Afri-

can green monkey kidney Vero E6 cells (American Type

Cell Collection) in Eagle’s minimal essential medium

(MEM) containing 5% foetal bovine serum (FBS),

50 IU ⁄ ml penicillin G and 50 lg ⁄ ml streptomycin. Virus

titers were expressed as the 50% tissue culture-infective

dose (TCID50), which was calculated by the Behrens–Kär-

ber method on the basis of the cytopathic effects (CPE)

induced in Vero E6 cell monolayers incubated with varying

dilutions (Karber 1931).

Animal experiments

Six adult 3-year-old male cynomolgus monkeys bred in

captivity at the Tsukuba Primate Center (National Institute

of Infectious Diseases, Tokyo, Japan) were used. All were

negative for tuberculosis and simian immunodeficiency

virus and their cages were placed in negatively pressured

glove boxes. The monkeys were anaesthetized with keta-

mine (0.1 ml ⁄ kg) and then inoculated i.n. with 3.5 ml

virus-containing MEM by using a spray (0.25 ml in each

nostril, Keytron, Ichikawa, Japan) and pipette (1.5 ml in

each side), or i.g. with 5 ml virus-containing MEM by

using a catheter (7Fr; Atom Medical, Tokyo, Japan), or

i.v. with 5 ml virus-containing MEM via the tibial vein, or

i.t. with 5 ml virus-containing MEM by using a catheter

(7Fr, Atom Medical). Before i.g. inoculation, the stomach

was infused with 5 ml bicarbonate solution to neutralize

gastric juices; the catheter was washed with saline after

inoculation.

Just prior to inoculation and on days 2, 4, 6, 8, 10, 12,

14, and 21, the anaesthetized animals were examined for

rash, body weight, body temperature and breathing rate,

3 ml peripheral blood was drawn from the inguinal veins,

and nasal, throat and rectal swabs were obtained and placed

in 1 ml MEM containing 2% FBS, 50 IU ⁄ ml penicillin G,

50 lg ⁄ ml of streptomycin and 2.5 lg ⁄ ml amphotericin B

(MEM-2FBS). One of each animal pair was euthanized

7 days postinoculation (p.i.) by exsanguination under excess

ketamine anaesthesia, while the remaining pair member was

euthanized 14, 21 or 28 days p.i.
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Virus isolation and titration

Bronchoalveolar-lavage fluid, and the contents of stomach,

jejunum, ileum, colon, and rectum, and tissue samples of the

lungs, peribronchial lymph nodes, cervical lymph nodes, kid-

ney, liver and spleen were collected at the postmortem

examination and stored at )80 �C. 10% (w ⁄ v) tissue homo-

genates were prepared in MEM-2FBS and clarified by centri-

fugation at 1000 g for 20 min. The samples were inoculated

onto Vero E6 cell cultures, which were examined for CPE

for 3 days. Blind-passage was performed after freezing and

thawing the first-round passage. If SARS-CoV-specific CPE

was not observed in the first- or second-round cultures, the

samples were concluded to be negative for infectious virus.

Viral infectivity titers were determined in Vero E6 cell cul-

tures by the micro-titration assay described above.

Indirect fluorescence antibody test

Vero E6 cells were infected with SARS-CoV at a multiplicity

of infection of 1.0, cultured for 18 h in Dulbecco’s modified

MEM containing 1% FBS and antibiotics, trypsinized, washed

three times with PBS, and spotted onto 14-well Teflon-coated

slide (AR Brown, Tokyo, Japan). The slides were air-dried

under UV irradiation in a safety cabinet for 2 h, fixed with ace-

tone for 5 min, and stored at )80 �C until use their use in Indi-

rect fluorescence antibodies (IFAs), which were performed as

reported previously (Saijo et al. 2002) with various dilutions

of monkey plasma. Fluorescein isothiocyanate (FITC)-conju-

gated goat anti-human IgG antibody (1:100 dilution; Zymed

Laboratories, San Francisco, CA, USA) served as the detector

antibody. The IFA plasma titers were recorded as reciprocals

of the highest dilutions that produced positive results.

Neutralizing antibody test

Antibody tests (NTs) were performed as reported previously

(Saijo et al. 2005). Plasma samples collected from infected

monkeys were inactivated by incubation at 56 �C for 30 min.

Vero E6 cells were infected 100 plaque-forming SARS-CoV

units ⁄ 100 ll in the presence of various plasma dilutions, inoc-

ulated for 48 h, and examined for CPE. The neutralizing anti-

body plasma titers were determined as reciprocals of the

highest dilution at which CPE was not observed. The lowest

and highest dilutions tested were 20 and 640, respectively.

Haematological analysis

Complete blood cell counts in peripheral blood collected in

sodium heparinized tubes were measured by an auto-

analyzer (Cell Tuck; Nihon Koden, Tokyo, Japan) while

neutrophil, lymphocyte, monocyte, eosinophil and basophil

counts were determined by microscopic analysis.

Flow cytometric analyses

Flow cytometric analysis of cell surface markers to deter-

mine the specific cell numbers was performed with 100 ll

heparinized blood. To detect T, B, CD8+, CD16+, and

CD4+ cells, the samples were incubated with the following

mouse antibodies at room temperature for 30 min: FITC-

conjugated anti-monkey CD3 (FN-18; Biosource Inter-

national, Camarillo, CA, USA), phycoerythrin-conjugated

anti-human CD20 (LeuTM-16; Becton Dickinson, Mountain

View, CA, USA), phycoerythrin-conjugated anti-human

CD8b (2ST8.5H7; Immunotech, Marseille, France),

R-phycoerythrin covalently linked to cyanine 5.1 (pc5)-

conjugated anti-human CD16 (3G8; Immunotech), and

FITC-conjugated anti-human CD4 (Nu-TH ⁄ I; Nichirei,

Tokyo, Japan). The samples were then incubated with

haemolysis buffer (0.826% ammonium chloride, 0.1%

potassium hydrogen carbonate, and 0.0037% EDTA 2Na)

for 5 min (blood:buffer = 1:14), washed four times with

phosphate-buffered saline (PBS, pH 7.4) containing 0.1%

bovine serum albumin and 0.01% sodium azide, fixed in

2% paraformaldehyde PBS solution, and analysed by flow

cytometry (EPICS Elite; Beckman Coulter) using expo

cytometer software (Beckman Coulter).

Histopathological and immunohistochemical examination

The upper jaw, tonsils, lymph nodes, lung, heart, kidney,

liver, spleen, small and large intestine, brain, and spinal cord

were fixed in 10% buffered formalin embedded in paraffin.

The upper jaw was decalcified in 10% EDTA4Na PBS solu-

tion (pH 7.6) before embedding. Immunohistochemical (IHC)

detection of SARS-CoV antigens was performed on paraffin-

embedded sections as described previously (Nagata et al.

2002) using a rabbit antibody against SARS-CoV (Fukushi

et al., 2005) or a monoclonal antibody against the SARS-

CoV nucleocapsid protein (Ohnishi et al. 2005) and the catal-

ysed signal amplification system (DAKO, Kyoto, Japan).

Real-time PCR of SARS-CoV genome

One-step RT and quantifitative PCR were used to quantify

the SARS-CoV genome in various samples. Total RNA

extracted from 100 ll of swab samples, tissue homogenates,

lung lavage fluid, or blood samples by using TRIZOL

(Invitrogen, Carlsbad, CA, USA) was treated with DNase I
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(Promega) and dissolved in 20 ll RNase-free water. Light-

Cycler SARS-CoV quantification kit (Roche Diagnostics,

Indianapolis, IN, USA) was used with 5 ll aliquots (Drosten

et al. 2004; Hourfar et al. 2004). The company does not

publish the primer sequences. Each RNA samples was tested

twice.

Enzyme-linked immunosorbent assay for cytokines

Lung washes and 10% lung and peribronchial lymph node

homogenates were assayed for TNF-a, IL-8, IL-12, IL-2, and

IFN-c levels by using monkey cytokine immunoassay kits

(BioSource International).

Results

Protocol of SARS-CoV inoculation of monkeys via the

various routes

Six monkeys were used (Figure 1, Table 1). Initially, two

(#4589 and #4590) were inoculated i.n. with 103 TCID50

SARS-CoV, two (#4591 and #4592) were inoculated i.n.

with 106 TCID50, and two (#4593 and #4594) were inocu-

lated i.g. with 108 TCID50. Only the monkeys inoculated

i.n. with 106 TCID50 showed seroconversion and the virus

genome and infectious virus in swabs. While #4593 (i.g.

with 108 TCID50) did have a very low IF antibody titer

(1:20), neutralizing antibodies, infectious virus and ⁄ or viral

genome were not detected in this monkey. Thus, SARS-

CoV inoculated i.n. at the weaker dose or i.g. fail to estab-

lish an infection. These four animals were subsequently

inoculated 25 (#4589 and #4590) or 35 (#4593 and

#4594) days after the first inoculation with 108 TCID50

SARS-CoV delivered either i.t. (#4589 and #4590) or i.v.

(#4593 and #4594). One monkey of the three pairs was

then sacrificed 7 days p.i. while the other was sacrificed

14, 21 or 28 days p.i.

Observations of monkeys inoculated i.n. with 106

TCID50 (#4591 and #4592)

Infectious virus and virus genome were detected in the nasal

and throat swabs of both #4591 and #4592 starting at day

2 p.i.; the virus genome was also found in rectal swabs on

days 2–7 p.i. (Figures 1a,b and 2a,b). As expected, the day

7-sacrificed monkey (#4591) had not developed antibodies

by the time it was euthanized but #4592 developed antibod-

ies that were detectable by both IFA and NT at day 10 p.i.

(Figure 1a,b, Table 1). IHC analysis of the monkey tissues

revealed viral antigen in several epithelial cells of the nasal

cavity of #4591 and slight histopathological changes in the

nasal cavity (Figure 3a,b). Infectious virus and ⁄ or virus gen-

ome were also detected in the deep and superficial cervical

lymph nodes, the mesenteric lymph nodes, and the small

and large intestines of this day 7-sacrificed monkey (Table 2).

In contrast, virus was not detected in any tissues except in

the duodenum from #4592 (sacrificed on day 28 p.i.), and

no histopathological changes were observed (Tables 1 and
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Figure 1 Protocol of SARS-CoV inoculation of monkeys and

detection of virus and anti-virus antibodies. The inoculation pro-

tocol is shown at the top. At various time points, nasal, throat,

and rectal swabs were examined for infectious virus by Vero E6

cell infectivity (+ or )). The swabs were also tested for the pres-

ence of virus genome by RT-PCR (*). Plasma obtained at various

time points were analysed for anti-SARS-CoV antibody

responses by IFA and NT. Sac, sacrificed. NE, not examined.
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2). Thus, while i.n. inoculation generates an infection that

stimulates an antibody response, lower respiratory tract

infection does not occur. Interestingly, however, infectious

virus was detected in the lymph nodes and stomach, which

suggests that the virus can spread from the nasal cavity to

other organs.

Observations of monkeys inoculated first i.n. with 103

TCID50 and then i.t. with 108 TCID50 (#4589 and #4590)

After i.t. inoculation, infectious virus and ⁄ or viral genome

was detected by day 2 p.i. in the throat swab of both mon-

keys (Figure 1c,d and 2c,d). The day 7-sacrificed monkey

(#4589) had not developed antibodies by the time it was

euthanized (Figure 1c), which indicates that its previous viral

exposure did not evoke a primary humoral response. Sup-

porting this is that monkey #4590, which was sacrificed on

day 21 p.i., only developed antibodies on day 10 p.i.

(Figure 1d, Table 1).

By Examination of the postmortem tissues of the day 7-

sacrificed monkey (#4589), its lung, particularly the lower

lobe, showed histopathological changes characterized by

oedema and inflammation involving macrophages and poly-

morphonuclear cells (Figure 3c,d). Virus-positive cells in its

lung and SARS-CoV antigen in its alveolar macrophages and

type I and type II alveolar epithelia were revealed

(Figure 3e,f). Moreover, virus was isolated from its lung tis-

sue (104.5 TCID50 ⁄ ml in 10% homogenate) and broncho-

alveolar-lavage fluid (102.5 TCID50 ⁄ ml). With regard to

other tissues, infectious virus and ⁄ or virus genome was

detected in the peribronchial and mesenteric lymph nodes,

spleen and small and large intestine of #4589 (Table 2).

Moreover, its peribronchial lymph node evinced oedema and

histiocytes in the sinus (Figure 3g,h). That infectious virus

was detected in the colon and lymph nodes of #4589

(Table 2) suggests that the virus may spread to lymphoid and

gastrointestinal tissues after its initial replication in the lung.

In the day 21-sacrificed monkey (#4590), focal repairing

fibroplasias were also observed in the lower lobe of its lung

(Figure 3i) and its alveolar wall was thick with proliferating

fibroblasts (Figure 3j). The monkey only had virus genome

its peribronchial lymph nodes (Table 2), which also evinced

B-cell proliferation and follicular hyperplasia (Figure 3k,l).

These clinical observations and histopahological findings

were suggested virus infection, replication and elimination

had occurred in the respiratory tract of #4590 during the 3-

weeks period after the inoculation.

Thus, both #4589 and #4590, which previously failed to

respond to i.n. inoculation of 103 TCID50, could be

infected with SARS-CoV and respond to it immuno-Ta
bl
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logically. Significantly, after 1 week of infection, lesions in

the lung were observed and infectious virus was also

detected in the lymph nodes and gastrointestinal tract.

Additionally, from day 10 after the infection, developing

antibodies against SARS-CoV virus were observed whereas

the virus genome was only detected in peribrochial lymph

node on 3 weeks after the infection.

Observations of monkeys inoculated first i.g. with 108

TCID50 and then i.v. with 108 TCID50 (#4593 and #4594)

As mentioned, after i.g. inoculation, #4593 showed very

low IF titers (1:20) by day 14 p.i., unlike #4594; how-

ever, infectious virus and ⁄ or viral genome were not

detected in either monkey (Figure 1e, f). After i.v. inocula-

tion, #4593 again failed to show infectious virus and ⁄ or

viral genome in swabs over the 7 days before its sacrifice

(Figure 1e and 2e). The only postmortem tissue with the

SARS-CoV genome was the spleen, and infectious virus

was not detected anywhere (Table 2). However, anti-

SARS-CoV antibodies were detected by both IFA and NT

early after i.v. inoculation (day 4). Examination of the

postmortem organs failed to detect histopathological

lesions in the lung of #4593 (Figure 3m,n) or other

organs, although prominent T-cell proliferation was

observed in its peribronchial lymph node (Figure 3o,p).
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SARS-CoV genome quantification (Light Cycler SARS-CoV Quantification kit)
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Figure 2 Infectious virus titers (black bars) and virus copy numbers (white bars) in the nasal, throat, and rectal swabs obtained

from monkeys #4591 and # 4592 (i.n. with 106 TCID50) (a and b, respectively), #4589 and #4590 (i.t. with 108 TCID50) (c and d,

respectively) and #4593 and #4594 (i.v. with 108 TCID50) (e and f, respectively).
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r) (s) (t)

Figure 3 Histopathology of SARS-CoV-infected monkeys. #4591 (i.n. with 106 TCID50) was examined on day 7 p.i. (a, b). #4589

(c–h) and #4590 (i–l) (i.t. with 108 TCID50) were examined on days 7 and 21 p.i., respectively. #4593 (m–p) and #4594 (q–t) (i.v.

with 108 TCID50) were examined on days 7 and 14 p.i., respectively. On day 7 p.i., a few repairing columnar epithelial cells in the

nasal cavity were seen in #4591 (i.n. with 106 TCID50) (a, HE; ·100). SARS-CoV antigen was detected in the cytoplasm of these cells

by using a high-sensitivity IHC technique as described in the Materials and methods [b, Catalysed Signal Amplification (CSA); ·100].

Focal lesions of inflammation with oedema and macrophage infiltration were observed in the lung, mainly the lower lobe, of the i.t.-

inoculated day 7-sacrificed monkey #4589 (c HE; ·5, d, HE; ·25). Syncytia (asterisk) and enlarged type 2 pneumocytes (arrowheads)

were seen in the bronchiole lumen of #4589 (e, HE; ·100). SARS-CoV antigen-positive cells in the lung of #4589 were alveolar

macrophages and probably type 2 pneumocytes (arrowheads) (f, IHC; ·100). The peribronchial lymph node of #4589 (i.t. with 108

TCID50) had an enlarged sinus with histiocyte proliferation and oedema and its germinal centre was unclear (g, HE; ·25, h, HE;

·100). Focal repairing fibroplasias were observed in the lower lobe of the lung of #4590 on day 21 p.i. (i, HE; ·5). The alveolar wall

was thick with proliferating fibroblasts (j, HE; ·100). In the peribronchial lymph node of #4590 (i.t. with 108 TCID50), B-cell

proliferation and follicular hyperplasia were observed (k, HE; ·25; l, HE; ·100). No histopathological changes were seen in the lung

of #4593 (i.v. with 108 TCID50) on day 7 p.i. (m, HE; ·5, n, HE; ·100). In the peribronchial lymph node of #4593 (i.v. with 108

TCID50), the germinal centre was unclear and strong T-cell proliferation was detected (o, HE; ·25; p, HE; ·100). No histopatho-

logical changes were observed in the rectal mucosa of #4594 (i.v. with 108 TCID50) (q, HE; ·100) but SARS-CoV antigen was

detected in the cytoplasm of these cells by using the CSA method (r, CSA; ·100). In the peribronchial lymph node of #4594 (i.v. with

108 TCID50), both the germinal centre and T-cell zone were evident in monkey (s, HE; ·25; t, HE; ·100).
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These observations suggest that the previous i.g. inocula-

tion of #4593 infected it with virus at a minimal level

that was nonetheless sufficient to generate a primary

immune response, which then blocked the establishment of

virus infection upon the second i.v. inoculation.

Unlike #4593, after i.v. inoculation of #4594, infectious

virus and viral genome were isolated from rectal swabs on

days 4–14 p.i., and viral genome was detected in throat

swabs on days 8–12 p.i. (Figure 1f and 2f). After its sacrifice

on day 14 p.i., virus antigen was detected in the mucosal

epithelia of the rectum (Figure 3q,r), infectious virus was

isolated from the rectum, and virus genome was detected in

the spleen, cecum and rectum (Table 2). This monkey only

showed seroconversion on day 12 after i.v. inoculation

(Figure 1f, Table 1), which suggests that, unlike #4593, this

monkey was not infected previously by the i.g. inoculation.

However, clear histopathological changes were not observed

in any of the organs examined, including in the rectal

mucosa (Figure 3q, Table 1), although reactive germinal

centres and T-cell proliferation were observed in the peri-

bronchial lymph node (Figure 3s,t).

General observations of all monkeys

None of the monkeys showed obvious clinical signs and

symptoms such as fever, dyspnoea, or diarrhoea in the

weeks p.i., although monkey #4593 had a rash in its ingui-

nal region on day 2 after i.v. inoculation that disappeared

on day 4 p.i. (Table 1). PBMCs and plasmas obtained every

2 days p.i. always lacked live virus or the virus genome but

blood cell analyses revealed that when an infection was suc-

cessfully established (even if it was a low or transient infec-

tion, as in the case of the i.g.-inoculated animal #4593), the

white blood cell counts, especially the lymphocyte counts,

decreased on day 2 p.i. (Figure 4). Notably, the only ino-

culation regimen that generated lung pathology (i.t.) caused

neutrophils and platelet counts to decrease on day 2 p.i. and

CD8b+ and CD16+ cell numbers to decrease on days 2–4

Table 2 Detection of SARS-CoV genome and infectious virus in postmortem tissues of SARS-CoV-inoculated monkeys

Animal number #4589 #4590 #4591 #4592 #4593 #4594

Inoculation route i.n. and i.t.* i.n. and i.t.* i.n. i.n. i.g. and i.v.* i.g. and i.v.*

Virus titer (TCID50) 103 and 108 103 and 108 106 106 108 and 108 108 and 108

Days after inoculation 7 days p.i. 21 days p.i. 7 days p.i. 28 days p.i. 7 days p.i. 14 days p.i.

Samples Viral RNA (copies ⁄ 100 ng RNA)

Lung 2.23 · 106§ ND NE ND ND ND

Tonsil ND ND ND ND ND ND

Spleen 2.24 · 101 ND ND ND 5.94 · 101 2.85 · 101

Peribronchial L ⁄ N 3.64 · 103 9.90 · 101 ND ND ND ND

Deep cervical L ⁄ N ND ND 3.61 · 102§ ND ND ND

Superficial cervical L ⁄ N ND ND 2.01 · 102 NE NE NE

Mesenteric L ⁄ N 2.54 · 103§ ND 1.80 · 102 ND ND ND

Kidney ND ND ND ND ND ND

Liver ND ND ND ND ND ND

Stomach 1.25 · 102 ND 2.84 · 102§ ND ND ND

Stomach Contents 2.41 · 102 ND 7.79 · 102 ND ND ND

Duodenum 1.19 · 101 ND ND 1.73 · 101 ND ND

Jejunum 1.07 · 101 ND ND ND ND ND

Jejune Contents ND ND ND ND ND ND

Ileum 1.25 · 104§ ND 1.46 · 101 ND ND ND

Ileum Contents 2.28 · 105§ ND 1.96 · 103 ND ND ND

Cecum 4.41 · 103 ND ND NE ND 1.07 · 102

Cecum Contents 5.23 · 104 ND 1.55 · 103 ND ND ND

Colon 2.46 · 103§ ND 6.02 · 103 NE ND ND

Rectal 7.37 · 102 ND 1.78 · 101 NE ND 1.41 · 103§

ND, not detectable (<10 copies); NE, not examined, i.n., intranasal; i.t., intratracheal; i.v., intravenous; i.g., intragastric; p.i., postinoculation.

*#4589, #4590, #4593 and #4594 were subjected to a second challenge 25 (#4589 and #4590) or 35 (#4593 and #4594) days after the first

inoculation.
§Virus isolation-positive.
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p.i.; these populations subsequently recovered. Moreover,

analyses of cytokine levels in the plasma revealed that the

CD8b+ and CD16+ cell numbers in the blood of #4589 and

#4590 correlated positively with the plasma IL-12 levels

(data not shown).

Cytokine levels in the lung

As the lung is the site of infection and pathology in SARS-

CoV-infected humans, we subjected lung and peribronchial

lymph node tissue homogenates and bronchoalveolar-lavage

fluid of all monkeys to cytokine analysis (Figure 5). Only

the i.t.-inoculated monkeys had detectable TNF-a levels in

the lung (#4590) or peribronchial lymph node (#4589). High

IL-8 levels were observed in the bronchoalveolar-lavage fluid

and lung tissue homogenate of #4589. Both #4589 and

#4590 had the highest IL-12 levels in the lung homogenate

of all the monkeys, while #4590 also showed high IL-12

levels in the peribronchial lymph node and #4589 had high

levels of this cytokine in its lung wash. In contrast, neither

of these monkeys showed exceptional IL-2 or IFN-c lung

responses compared with the other monkeys.

With regard to the other monkeys, it was notable that for

all monkey pairs, the IL-2 and IFN-c levels in the lung wash

were higher in the day 7-sacrificed animal than in the animal

sacrificed later.

Figure 4 Changes over time p.i. in absolute leucocyte and platelet counts. Shown are the changes over days p.i. in the counts per

microlitre of white blood cells (a), lymphocytes (b), neutrophils (c), platelets (d), CD4 + cells (e), CD8 + cells (f), CD16 + cells (g)

and CD20 + cells (h).
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Discussion

Here, we experimentally infected cynomolgus monkeys with

SARS-CoV via the i.n., i.t., i.g., or i.v. routes. The virus

could not spread to the lower respiratory tract upon i.n., i.g.

and i.v. inoculation on day 7 p.i., and only i.t. inoculation

successfully induced lung lesions on day 7 p.i. (#4589),

which were similar to those in SARS patients. Analysis of

the i.t.-inoculated animal on day 7 p.i. (#4589) revealed that

SARS-CoV replicates in alveolar cells (types 1 and 2), and

macrophages, neutrophils and cytokine responses were

observed in the lung; these may help form of lung lesions, as

postulated for human SARS (Wong et al. 2004; Zhang et al.

2004). However, none of the monkeys developed SARS-like

signs and symptoms, regardless of the inoculation route.

Virus infection, replication and elimination occurred in the

respiratory tracts during the 2-week period after inoculation

(#4590, #4592 and #4594). The different virological, histo-

pahtological, and immunological results of the two animals

in each group (between #4589 and #4590, #4591 and

#4592) depended on when the animals were sacrificed after

inoculation. These results support previous reports in which

monkeys were used for respiratory inoculation (Fouchier

et al. 2003; Kuiken et al. 2003; McAuliffe et al. 2004; Rowe

et al. 2004; Greenough et al. 2005; Qin et al. 2005). Thus,

the model is useful for studying early events in SARS-CoV

infection and replication. Additionally, these infected

animals showed distinct virological responses depending on
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Figure 5 Levels of cytokines in lung wash fluid and in lung and peribronchial lymph node tissue homogenates obtained from

inoculated monkeys. The ELISA assays were performed in duplicate and the averages of each assay are shown. NE, not examined.
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the inoculation route. However, the immunological

responses such as leucopenia, lymphopenia and T-cell cyto-

kine response such as IL-2 and IFN-c were rather similar.

These results suggest that these responses play an important

role in the early phase of SARS-CoV infection.

In the i.t.-inoculated animals, the initial infection of the

respiratory system was followed by infection of the lympha-

tic and intestinal tissues. Similarly, the i.n.-inoculated ani-

mals had infectious virus in their nasal swabs, stomach and

deep cervical lymph node, while the i.v.-inoculated animals

had infectious virus in their faeces. Thus, after SARS-CoV

infection of the respiratory tract, the virus replicates in the

nasal cavity epithelium or alveolar epithelium of the lower

respiratory tract. The replicated virus is then excreted con-

tinuously for several days by the throat or nasal mucosa,

after which the virus infects the intestinal and lymphatic sys-

tems. Although gastric acid may inactivate the enveloped

virus, the infectious virus was nevertheless detected in the

intestinal tract of the monkeys regardless of the route of

inoculation (Table 2). Thus, it is possible that SARS-CoV

viraemia may lead to infection in the intestinal mucosa and

replication there that results in the excretion of virus into

the faeces. As the infectious virus was also detected in the

lymphoid system of the i.t. and i.n. inoculated monkeys

(Table 2), it may be the lymphatic system may also play an

important role in the spread of the virus within the host.

SARS-CoV-infected enterocytes have been detected in

some SARS human cases with diarrhoea, which suggests that

diarrhoea is a symptom that occurs after viraemia (Ding

et al. 2004). Supporting this is analysis of serially collected

clinical specimens from SARS cases in the outbreak, which

revealed that stool specimens also contained large amounts

of virus early in the course of infection (Booth et al. 2003;

Drosten et al. 2003; Peiris et al. 2003b; Tang et al. 2004).

That SARS-CoV-infected monkeys have infectious virus in

their faeces and gastrointestinal tissues early after inocula-

tion is consistent with these observations. Thus, rectal swabs

and faecal samples may be useful for diagnosing SARS-CoV

infection.

In human SARS, serum IL-6 levels correlate positively

with disease severity while serum TGF-b and IL-8 levels cor-

related negatively; the serum TNF-a and IL-1a levels are

unchanged (Zhang et al. 2004). Significantly, the i.t.-inocu-

lated monkeys had high IL-8 and TNF-a levels in the lung

and peribronchial lymph node that were probably elicited by

activated alveolar macrophages and neutrophils. Thus, IL-

8 ⁄ TNF-a-producing immunological responses may eliminate

the virus from the respiratory tract early in infection. T-cells

may also play important roles in preventing virus spreading,

as all day 7-sacrificed monkeys had higher levels of the

T-cell cytokines IL-2 and IFN-c in the lung wash than the

animals sacrificed later. Molecules like IL-2, IFN-c IL-8 and

TNF-a may also be partly responsible for the lung lesions in

the i.t.-inoculated monkeys, as has been postulated for

human SARS (Ware & Matthay 2000).

All infected monkeys showed leucopenia and lymphopenia

on day 2 p.i. In the animals inoculated via the i.t. route, the

lymphopenia continued for several days; this is consistent

with the general findings in acute viral infection (Lee et al.

2003; Panesar 2003; Tang et al. 2004).

Monkeys inoculated i.n. with 103 TCID50 were not

infected and horizontal SARS-CoV transmission was not

observed. In contrast, experimental cats and ferrets easily

transmit SARS-CoV (Martina et al. 2003). Thus, cyno-

molgus monkeys may be less susceptible to SARS-CoV

infection.

In conclusion, i.t. inoculation is the most effective route

with for inducing SARS-like lung lesions in cynomolgus mon-

keys, and the intestinal and lymphatic systems may play

important roles in viral spread. This is supported by the obser-

vation that viraemia may induce intestinal infection in SARS

patients (Ding et al. 2004). These monkey studies thus pro-

vide new insights into SARS-CoV pathogenesis, particularly

regarding the mechanisms of virus spread and immuno-

logical elimination.
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