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Abstract

Background

Severe acute respiratory syndrome (SARS) emerged in China in 2002 and spread to other
countries before brought under control. Because of a concern for reemergence or a deliberate
release of the SARS coronavirus, vaccine development was initiated. Evaluations of an
inactivated whole virus vaccine in ferrets and nonhuman primates and a virus-like-particle
vaccine in mice induced protection against infection but challenged animals exhibited an
immunopathologic-type lung disease.

Design

Four candidate vaccines for humans with or without alum adjuvant were evaluated in a mouse
model of SARS, a VLP vaccine, the vaccine given to ferrets and NHP, another whole virus
vaccine and an rDNA-produced S protein. Balb/c or C57BL/6 mice were vaccinated IM on day 0
and 28 and sacrificed for serum antibody measurements or challenged with live virus on day
56. On day 58, challenged mice were sacrificed and lungs obtained for virus and
histopathology.

Results

All vaccines induced serum neutralizing antibody with increasing dosages and/or alum
significantly increasing responses. Significant reductions of SARS-CoV two days after
challenge was seen for all vaccines and prior live SARS-CoV. All mice exhibited histopathologic
changes in lungs two days after challenge including all animals vaccinated (Balb/C and
C57BL/6) or given live virus, influenza vaccine, or PBS suggesting infection occurred in all.
Histopathology seen in animals given one of the SARS-CoV vaccines was uniformly a Th2-type
immunopathology with prominent eosinophil infiltration, confirmed with special eosinophil
stains. The pathologic changes seen in all control groups lacked the eosinophil prominence.

Conclusions

These SARS-CoV vaccines all induced antibody and protection against infection with SARS-
CoV. However, challenge of mice given any of the vaccines led to occurrence of Th2-type
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immunopathology suggesting hypersensitivity to SARS-CoV components was induced. Caution
in proceeding to application of a SARS-CoV vaccine in humans is indicated.
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Introduction
Severe acute respiratory syndrome (SARS) emerged in Guangdong, People's Republic of
China, in late 2002, and spread to other countries in Asia and to Canada in the ensuing months
[1]–[3]. Infection control efforts brought the infection under control by mid-2003 [4]. More than
8000 cases, including almost 800 deaths, were reported during the outbreak period [4].
Increasing age and comorbidity were risk factors for severe disease and death [5], [6], [7].
Since 2003, only sporadic cases have been reported; however, the possibility that SARS
outbreaks could reemerge naturally or be deliberately released is a public health concern.

SARS is caused by a Coronavirus (SARS-CoV) [8], [9]. Limited data are available about the
ecology of SARS-CoV, but bats are thought to be the animal reservoir for the virus which may
be transmitted to small mammals with exposure to these small animals as the source of human
infections [10]. The clinical disease is similar to other severe acute respiratory infections,
including influenza; the SARS case definition includes clinical, epidemiologic, and laboratory
criteria [11], [12]. A number of therapeutic efforts were employed for the disease in Asia and in
Canada; however, no treatment of clear value was identified. Animal models were developed
using mice, hamsters, ferrets and nonhuman primates, and efforts to identify useful treatments
and effective vaccines are ongoing.

Vaccine candidates for preventing SARS have been developed by various groups and include
inactivated whole virus, spike (S) protein preparations, virus-like particles (VLPs), plasmid DNA
and a number of vectors containing genes for SARS-CoV proteins [13]–[28]. Phase I studies in
humans have been conducted with a whole virus vaccine and a DNA vaccine [29]–[30].

An early concern for application of a SARS-CoV vaccine was the experience with other
coronavirus infections which induced enhanced disease and immunopathology in animals when
challenged with infectious virus [31], a concern reinforced by the report that animals given an
alum adjuvanted SARS vaccine and subsequently challenged with SARS-CoV exhibited an
immunopathologic lung reaction reminiscent of that described for respiratory syncytial virus
(RSV) in infants and in animal models given RSV vaccine and challenged naturally (infants) or
artificially (animals) with RSV [32], [33]. We and others described a similar immunopathologic
reaction in mice vaccinated with a SARS-CoV vaccine and subsequently challenged with
SARS-CoV [18], [20], [21], [28]. It has been proposed that the nucleocapsid protein of SARS-
CoV is the antigen to which the immunopathologic reaction is directed [18], [21]. Thus, concern
for proceeding to humans with candidate SARS-CoV vaccines emerged from these various
observations.

The studies reported here were conducted to evaluate the safety, immunogenicity, and efficacy
of different SARS-CoV vaccines in a murine model of SARS.
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Materials and Methods

Tissue Cultures and Virus

Vero E6 tissue cultures [obtained from The American Type Culture Collection (ATCC),
CRL:1586] were grown in Dulbecco's modified minimum essential medium (DMEM)
supplemented with penicillin (100 units/ml), streptomycin (100 µg/ml), 0.2% sodium bicarbonate
and 10% fetal bovine serum (FBS). The Urbani strain of SARS-CoV was obtained from T.G.
Ksiazek at the Centers for Disease Control and Prevention (Atlanta, GA), and a working stock
of this virus was prepared by serially passaging a portion of the seed virus three times (p3) in
Vero E6 cultures. The culture fluid from infected cells was clarified by low-speed centrifugation,
filtered through a 0.45 µm filter, aliquoted, and stored at −80°C.

Vaccines

Four different SARS-CoV vaccines were evaluated in these studies (Table 1). Two whole virus
vaccines were evaluated; one was prepared in Vero tissue cultures, zonal centrifuged for
purification, and double-inactivated with formalin and UV irradiation, the DI vaccine (DIV); it was
tested with and without alum adjuvant [16]. The other whole virus vaccine was prepared in Vero
cells, concentrated, purified, inactivated with beta propiolactone and packaged with alum
adjuvant (BPV) [13]. A recombinant DNA spike (S) protein vaccine (SV) was produced in insect
cells and purified by column chromatography was tested with and without alum adjuvant [17].
The fourth vaccine (the VLP vaccine) was a virus-like particle vaccine prepared by us as
described previously; it contained the SARS-CoV spike protein (S) and the Nucleocapsid (N),
envelope (E) and membrane (M) proteins from mouse hepatitis coronavirus (MHV) [20].
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Table 1. Experimental Groups for Evaluation of SARS Coronavirus Vaccines.
https://doi.org/10.1371/journal.pone.0035421.t001

Animals

Six- to eight-week-old, female Balb/c and C57BL/6 mice (Charles River Laboratory, Wilmington,
MA), were housed in cages covered with barrier filters in an approved biosafety level 3 animal
facility maintained by the University of Texas Medical Branch (UTMB) at Galveston, Texas. All
of the experiments were performed using experimental protocols approved by the Office of
Research Project Protections, Institutional Animal Care and Use Committee (IACUC),
University of Texas Medical Branch and followed National Institutes of Health and United States
Department of Agriculture guidelines.

Study Design

Three different experiments, performed for comparing different vaccines, are reported here.
Adjuvanted (alum) and non-adjuvanted (PBS) vaccines were obtained from the NIH/BEI
resource. Groups of mice (N = 12–13 per group) were administered various dosages of each
vaccine intramuscularly (IM) on days 0 and 28; mice given only PBS, alum, trivalent inactivated
influenza vaccine or live SARS-CoV were included as controls in various experiments. On day
56, five mice from each group were sacrificed for assessing serum neutralizing antibody titers
and lung histopathology; the remaining seven or eight mice in each group were challenged with
10 TCID /60 µl of SARS-CoV intranasally (IN). Challenged mice were euthanized on day 58
for determining virus quantity and preparing lung tissue sections for histopathologic
examination.

Neutralizing Antibody Assays

Mice were anesthetized with isoflurane and then bled from the retro-orbital sinus plexus. After
heat inactivation at 56°C for 30 minutes, sera were stored at −80°C until tested. Assays for
virus-specific neutralizing antibodies were performed on serial 2-fold diluted samples of each
serum using 2% FBS-DMEM as the diluent in 96-well tissue culture plates (Falcon 3072); the
final volume of the serially diluted samples in each well was 60 µl after addition of 120 TCID
of SARS-CoV in 60 µl into each well. The beginning dilution of serum was 1∶20. The dilutions
were incubated for 45–60 minutes at room temperature; then 100 µl of each mixture was
transferred into duplicate wells of confluent Vero E6 cells in 96-well microtiter plates. After 72
hours of incubation, when the virus control wells exhibited advanced virus-induced CPE, the
neutralizing capacity of individual serum samples were assessed by determining the presence
or absence of cytopathic effect (CPE). Neutralizing antibody titers were expressed as the
reciprocal of the last dilution of serum that completely inhibited virus-induced CPE.
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Collection and Processing of Lungs for Histology and Virus Quantity

Two days post SARS-CoV challenge, mice were euthanized and their lungs were removed.
Lung lobes were placed in 10% neutral buffered formalin for histological examination and
immunohistochemistry (IHC), as described previously [34], [35]. For virus quantitation, the
remaining tissue specimen was weighed and frozen to −80°C. Thawed lung was homogenized
in PBS/10% FBS solution using the TissueLyser (Qiagen; Retsch, Haan, Germany). The
homogenates were centrifuged and SARS-CoV titers in the clarified fluids were determined by
serial dilution in quadruplicate wells of Vero E6 cells in 96-well plates. Titers of virus in lung
homogenates were expressed as TCID /g of lung (log ); the minimal detectable level of virus
was 1.6 to 2.6 log  TCID  as determined by lung size.

Histopathology

Evaluations for histopathology were done by pathologists masked as to the vaccine/dosage of
each specimen source; numeric scores were assigned to assess the extent of pathologic
damage and the eosinophilic component of the inflammatory infiltrates.

Statistical Analysis

Neutralizing antibody titers, lung virus titers, histopathologic lesion score and eosinophilic
infiltration scores were averaged for each group of mice. Comparisons were conducted using
parametric and nonparametric statistics as indicated.

Results

Experiments

The three experiments performed, vaccines and dosages used and controls for each
experiment are shown in Table 1. The vaccines were evaluated for immunogenicity and
efficacy; however, because of the previous report of immunopathology on challenge of ferrets
and nonhuman primates that had been vaccinated with a whole virus adjuvanted vaccine and
mice that had been vaccinated with a VLP vaccine, the primary orientation was to assess for
immunopathology among animals in relation to type of vaccine, dosage, serum antibody
responses, and virus infection. The vaccine preparations were made for human trials so
identifying a preparation that was likely to be both safe and protective in humans was desired.
The rationale for each experiment is described.

Comparison of Vaccines (Experiment 1).

50 10
10 50
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To differentiate between vaccines, three vaccine preparations were simultaneously evaluated,
the double-inactivated (formalin and UV) whole virus vaccine (DIV), the rDNA-expressed S
protein vaccine (SV), and the previously evaluated chimeric viral-like particle vaccine (VLP) that
had led to immunopathology with virus challenge [16], [17], [20].

Geometric mean serum neutralizing antibody titers for each group on day 56 are shown in
figure 1A. Geometric mean titers for those given a nonadjuvanted or alum adjuvanted vaccine
were not different for the double-inactivated whole virus vaccine (DIV), and the VLP vaccine,
(p>0.05, student's t-test), but were different for the S protein vaccine (SV) (p = 0.001, student's t
test). Geometric mean titers for the different dosage groups given the DI vaccine (DIV) with
alum and those for the groups given the S protein vaccine (SV) with or without alum were
significantly different (p = 0.007, p = 0.028, and p = 0.01, respectively, Kruskall-Wallis) while the
geometric means for those dosage groups given the DI vaccine (DIV) without alum were not
(p>0.05, Kruskall-Wallis). In a multiple regression analysis, postvaccination titers for the DI
vaccine (DIV) were significantly increased by both alum and higher dosage (for alum, p = 0.012,
for dosage, p <0.001); for the S protein vaccine (SV), only alum increased responses (p = 
0.001).
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Figure 1. Vaccine Comparisons of Three SARS-CoV Vaccines, Experiment 1.
Serum neutralizing (neut) antibody and lung virus titers for each vaccine dosage group.
A. Geometric mean serum antibody titer as log  and standard error of the mean (S.E.)
on day 56 for each vaccine dosage group. Seven to eight mice per group. Vaccines:
double inactivated whole virus (DIV), recombinant S protein (SV), viral-like particle
vaccine (VLP), with alum (+A). Five mice per group were given 0.1 ml of vaccine
intramuscularly on days 0 and 28. B. Geometric mean virus titer (log  TCID /g) and
standard error of the mean (S.E.) in lungs on day 58 (two days after SARS-CoV
challenge) for each vaccine dosage group. Analyses: A. GMT with compared to without
alum: DIV p>.05, VLP p>.05, SV p = .001. GMT for different vaccine dosage: DIV with
alum p = .007, DIV without alum p>.05, SV with alum p = .028, SV without alum p = .01.
Multiple regression: GMT increased for alum p = .012 and dosage p<.001, for SV alum
only p = .001. B. GMT for all DIV groups not different p>.05, GMT for SV group without
alum p .008 and with alum p .023. GMT for VLP group is not different p>.05.
https://doi.org/10.1371/journal.pone.0035421.g001
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Two days after challenge, lungs were obtained from all animals for virus quantitation and
histology. CoV titers are shown in figure 1B. Geometric mean lung titers in the alum and PBS
control groups were 10  and 10  TCID /g, respectively. All vaccine groups exhibited lower
titers or no detectable virus on day two after challenge. None of the animals given any of the
alum-adjuvanted DI vaccine (DIV) dosages and only an occasional animal in the lower dosages
of nonadjuvanted vaccine yielded virus (Kruskall-Wallis and Mann Whitney U tests, p>0.05 for
all comparisons). All groups given the S protein vaccine (SV) yielded virus after challenge and
the differences between groups were significant (p = 0.002 for all groups, p = 0.023 for alum and
p = 0.008 for no adjuvant, Kruskall-Wallis); also, geometric mean titers were higher for the
groups given lower vaccine dosages. Geometric mean titers for the VLP vaccine groups were
similar (p>0.05).

In the vaccine comparison experiment, lung lesion scores for histopathology were graded for
individual animals on a scale of 0 to 4 where 0–2 represented degree of cellular infiltration and
3–4 represented the degree of bronchiolar epithelial cell necrosis and airway cellular debris
(figure 2A). As shown, all animals exhibited pathologic changes after challenge including those
animals with no measurable virus on day two suggesting virus infection had occurred but was
not detectable on day two because of a short duration of infection or neutralization of virus by
antibody in the lung during processing. The higher scores (>3) in some groups related primarily
to the fact that virus infection had induced inflammatory infiltrates and epithelial cell necrosis
with desquamation of the epithelium and collection of cellular debris in airways of these
animals. Mean score differences were noted among the various vaccines (p = <0.001, Anova).
Those groups given the DI vaccine (DIV) without alum had higher mean scores than did those
given DI vaccine (DIV) with alum (p = 0.001, Mann-Whitney U); similarly, the group given the
VLP vaccine without alum had a higher mean score than for those given VLP vaccine with alum
(p = 0.008, Mann-Whitney U). Post hoc comparisons for the three different vaccines indicated
that the DI vaccine (DIV) group overall had lower lesion scores than either the S protein vaccine
(SV) group or the alum and PBS control groups (p = 0.001 comparing the DI and S protein
vaccines (DIV and SV) and p<0.001 for DIV vs. control groups, Tukey HSD and Dunnett t,
respectively), but not the VLP vaccine group (p>0.05, Tukey HSD). The S protein vaccine group
(SV) was also lower overall than the control groups (p = 0.048, Dunnett t).
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Figure 2. Vaccine Comparisons of Three SARS-CoV Vaccines, Experiment 1.
Mean lung cellular infiltration/lesion pathology and percent eosinophils in infiltrates for
each vaccine dosage group two days after challenge with SARS-CoV. A. Mean lesion
score and standard error of the mean (S.E.) for each vaccine dosage group. All mice
exhibited lung histopathology. Scores are mean of scores for seven to eight mice per
group. Scoring. 0 – no pathology, 1 and 2 – (1) minimal (2) moderate peribronchiole and
perivascular cellular infiltration, 3 and 4 – 1 and/or 2 plus minimal (3) or moderate (4)
epithelial cell necrosis of bronchioles with cell debris in the lumen. B. Mean percent
eosinophils on histologic evaluation for seven to eight mice in each vaccine dosage
group. Mean for each mouse is the mean percent eosinophils on five separate
microscopy fields of lung sections. Analyses: A. Mean lesion scores were different
p<.001. DIV without alum greater than with alum p = .001, VLP without alum greater than
with alum p = .008. Posthoc comparisons: DIV lower than SV p = .001 and controls p<.001
but not VLP p>.05. SV lower than controls p .048. B. Mean percent eosinophils were
different p<.001. Mean percent eosinophils lower for DIV with alum than without alum p 
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= .049 and lower for SV with alum than without alum p = .001. Mean percent eosinophils
lower for SV than DIV p = .002 or VLP. P = <.001. Mean percent eosinophils greater than
controls for DIV, SV and VLP, all three vaccines p<.001.
https://doi.org/10.1371/journal.pone.0035421.g002

When the characteristics of the infiltrates were compared, animals given alum or PBS exhibited
epithelial cell necrosis and peribronchiolar and perivascular mononuclear cell infiltrates
consistent with epithelial cell infection and an inflammatory response seen in viral infections. In
addition to mononuclear cells, however, infiltrates among vaccinated animals contained
neutrophils and eosinophils that were not seen in the lesions of the animals that had been
previously given PBS or alum only (figure 2B) suggesting a T helper cell type 2 hypersensitivity
reaction; increased eosinophils are a marker for a Th2-type hypersensitivity reaction. Percent
eosinophils was lower in these vaccinated animals (mean 1–3.2%) than had been seen in
animals given VLP vaccines in the earlier study (mean 13.2±9.6% and 22±9.9% of cells for VLP
with PBS or alum, respectively in that study) but no (0%) eosinophils were seen in the lung
infiltrates of control animals in this experiment. This pattern of excess eosinophils in cellular
infiltrates seen in lung sections from animals given vaccine and not in control animals was as
seen in the earlier study with VLP vaccine and those later with other vaccines although the
percent eosinophils was lower in this study.

The mean percent eosinophils differed between groups (p<0.001, Anova). Overall, the percent
was lower for the groups given the DI and S protein alum adjuvanted vaccines than for the
corresponding nonadjuvanted group (p = 0.049 for DIV and 0.001 for SV, Mann-Whitney U). For
the vaccines, the eosinophil mean percentages were lower for the S protein vaccine (SV) than
for either the DI vaccine (DIV) or VLP vaccine (DIV vs. SV, p = 0.002; VLP vs. SV, p = <0.001,
Tukey HSD). Additionally, eosinophil percentages for all three vaccines, including the S protein
vaccine, were significantly greater than the controls (SV, DIV and VLP vaccine, p<0.001 for
each, Tukey HSD).

Higher Dosages of the S Protein Vaccine Plus the bp Inactivated Whole Virus
Vaccine, Experiment 2.

This experiment was conducted to verify the findings in the initial experiment of a
hypersensitivity immunopathologic-like reaction after SARS-CoV challenge of vaccinated
animals, to determine if a higher dosage of the S protein vaccine (SV) would suppress infection
and still exhibit a similar reaction, and whether the original β propiolactone inactivated whole
virus vaccine (BPV) that had shown an immunopathologic-like reaction after challenge of
vaccinated ferrets and nonhuman primates exhibited a similar immunopathologic reaction in the
mouse model [13], [14]. Additionally, a live virus “vaccination” group was added in this

https://doi.org/10.1371/journal.pone.0035421.g002
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experiment for comparison of challenge results following vaccinations with inactivated vaccines
to those following earlier infection.

Serum neutralizing antibody responses are shown in figure 3A. The bp inactivated vaccine
(BPV), was only available at one dosage with alum so a smaller volume (25 µl) was given to
one group for a dosage comparison. Geometric mean titers for the groups given the alum
adjuvanted version of the DI and the S protein vaccines were greater than for the unadjuvanted
vaccine (DIV P = 0.014, SV p<0.001, student's t test). In multiple regression analysis, titers were
also significantly increased after both the DI and S protein vaccines with use of alum (p≤0.01);
no dosage effect was noted. The geometric mean neutralizing antibody titers of the two bp
inactivated vaccine groups (BPV) were different (p = 0.039, Mann-Whitney U).
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Figure 3. Higher Dosages of SV Vaccine plus DIV and BPV Vaccine Comparisons,
Experiment 2.
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Serum neutralizing (neut) antibody and lung virus titers for each vaccine dosage group.
A. Geometric mean serum antibody titer and standard error of the mean (S.E.) on day
56 for each vaccine dosage group. Five mice per group given 0.1 ml of vaccine
intramuscularly on days 0 and 28. B. Geometric mean virus titer (log  TCID /g) and
standard error of the mean (S.E.) in lungs on day 58 (two days after SARS-CoV
challenge) for each vaccine dosage group. Seven to eight mice per group. Vaccines:
double inactivated whole virus (DIV), recombinant S protein (SV), β propiolactone
inactivated whole virus (BPV) with alum (+A). Analyses: A. GMT with alum greater than
without alum: SV p<.001, DIV p = .014. GMT for the two BPV groups are different p 
= .039. Multiple regression: DIV and SV increased with alum p≤.01, no dosage effect
p>.05.
https://doi.org/10.1371/journal.pone.0035421.g003

Two days after challenge with 10  TCID  of SARS-CoV, titers in mice given PBS varied
between 10  and 10  TCID  per g of tissue; one vaccinated animal in the group given the S
protein vaccine (SV) at the 3 µg and the 1 µg dosage without alum yielded virus but all other
animals in all other groups were culture negative for virus (figure 3B).

Shown in figure 4A are the mean lesion scores on histologic evaluations. The scoring system
for experiments two and three were developed by a replacement pathologist who preferred a
scale of 0 to 3 which corresponded to a judgment of mild, moderate or severe (figure 4A). Mean
lesion scores for this grading system overall were significantly different from each other
(p<0.001, Anova) and scores were lower for the S protein vaccine than for either of the whole
virus vaccines (SV versus DIV and BPV, p<0.001 and p = 0.006, respectively, Tukey HSD). Of
interest is that those given live virus and then challenged with live virus two months later
exhibited an infiltrative disease severity comparable to the PBS and vaccinated groups despite
no detectable virus on day two, again suggesting some degree of infection may have occurred
earlier.
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Figure 4. Higher Dosages of SV Vaccine plus DIV and BPV Vaccine Comparisons,
Experiment 2.
Mean lung cellular infiltration/lesion pathology and mean percent eosinophils in infiltrates
for each vaccine dosage group two days after challenge with SARS-CoV. A. Mean lesion
score and standard error of the mean (S.E.) for each vaccine dosage group. Scores are
mean of scores for seven to eight mice per group. Scoring - 0 - no definite pathology, 1 -
mild peribronchiole and perivascular cellular infiltration, 2 - moderate peribronchiole and
perivascular cellular infiltration, 3 - severe peribronchiolar and perivascular cellular
infiltration with thickening of alveolar walls, alveolar infiltration and bronchiole epithelial
cell necrosis and debris in the lumen. Ten to 20 microscopy fields were scored for each
mouse lung. B. Mean score and standard error of the mean (S.E.) for eosinophils as
percent of infiltrating cells for each vaccine dosage group. Scores are mean of scores for
seven to eight mice per group. Scoring: 0 - <5% of cells, 1 - 5–10% of cells, 2 - 10–20%
of cells, 3 - >20% of cells. Ten to 20 microscopy fields were scored for each mouse lung.
Analyses: A. Mean lesion scores were different p<.001. Mean scores were lower for SV
than DIV p<.001 and less than BPV p = .006. B. Mean eosinophil scores were lower for
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SV than DIV p<.001 and less than BPV p<.001. Eosinophil scores greater for SV than
PBS or live virus p<.001.
https://doi.org/10.1371/journal.pone.0035421.g004

The mean eosinophil scores for the lung infiltrations were lower for the S protein vaccine
groups [SV vs. DIV p<0.001; SV vs. BPV, p<0.001, Tukey HSD]; however, they were clearly
greater than seen in those given PBS or live virus earlier (p<0.001, Tukey HSD) (figure 4B).

Representative photo micrographs of lung sections from mice in this experiment two days after
challenge with SARS-CoV are shown in figure 5. The pathologic changes were extensive and
similar in all challenged groups (H & E stains). Perivascular and peribronchial inflammatory
infiltrates were observed in most fields along with desquamation of the bronchial epithelium,
collections of edema fluid, sloughed epithelial cells, inflammatory cells and cellular debris in the
bronchial lumen. Large macrophages and swollen epithelial cells were seen near lobar and
segmental bronchi, small bronchioles and alveolar ducts. Necrotizing vasculitis was prominent
in medium and large blood vessels, involving vascular endothelial cells as well as the tunica
media, and included lymphocytes, neutrophils, and eosinophils in cellular collections.
Occasional multinucleated giant cells were also seen. The eosinophil component of infiltrates
was very prominent in animals vaccinated with the experimental vaccine preparations when
compared to animals mock-vaccinated using PBS, or those exposed earlier to live virus (figure
6); few to no eosinophils were seen in those lung sections. Thus, while pathology was seen in
sections from the control mice, the hypersensitivity-type pathologic reaction with eosinophils
was not seen. The morphological identification of eosinophils in H&E stains was supported by
using Giemsa stain to highlight intracytoplasmic granules in selected lung sections (not shown),
and confirmed by immunostaining with antibodies against mouse eosinophil major basic protein
(provided by the Lee Laboratory, Mayo Clinic, Arizona) [36].
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Figure 5. Photographs of Lung Tissue.
Representative photomicrographs of lung tissue two days after challenge of Balb/c mice
with SARS-CoV that had previously been given a SARS-CoV vaccine. Lung sections
were separately stained with hematoxylin and eosin (H&E) and an immunohistochemical
protocol using an eosinophil-specific staining procedure with a monoclonal antibody to a
major basic protein of eosinophils. DAB chromogen provided the brown eosinophil
identity stain. The procedure and antibody were kindly provided by the Lee Laboratory,
Mayo Clinic, Arizona. The H&E stain column is on the left and eosinophil-specific major
basic protein (EOS MBP) stain column is on the right. Vaccines: double inactivated
whole virus (DIV), β propiolactone inactivated whole virus vaccine (BPV). As shown in
the images, eosinophils are prominent (brown DAB staining) in all sections examined.
Exposure to SARS-CoV is associated with prominent inflammatory infiltrates
characterized by a predominant eosinophilic component.
https://doi.org/10.1371/journal.pone.0035421.g005
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Figure 6. Photomicrographs of Lung Tissue.
Representative photomicrographs of lung tissue from unvaccinated unchallenged mice
(normal) and from Balb/c mice two days after challenge with SARS-CoV that had
previously been given PBS only (no vaccine) or live virus. H&E and
immunohistochemical stains for eosinophil major basic protein were performed as
described for figure 5. The H&E column is on the left and the Eos MBP column is on the
right. Shown are sections from normal mice (no vaccine or live virus) and mice given
PBS (no vaccine) or live SARS-CoV and then challenged with SARS-CoV. As shown in
the middle and bottom row images, although exposure to SARS-CoV elicits
inflammatory infiltrates and accumulation of debris in the bronchial lumen, eosinophils in
all groups remain within normal limits.
https://doi.org/10.1371/journal.pone.0035421.g006

The different groups of vaccinated animals showed similar trends in severity of pathology and
of eosinophils in inflammatory infiltrates; however, the DIV and BPV preparations at high
dosage tended to produce a greater infiltration with eosinophils.

Mouse and Vaccine Specificity (Experiment 3).
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Experiment 3 was performed to evaluate vaccine and mouse strain specificity. SARS-CoV
vaccines used were the DI vaccine (DIV) with and without alum and the bp inactivated vaccine
(BPV), which contains alum, at the highest dosage. For mouse strain specificity, Balb/c mice
were included for consistency between experiments; C57BL/6 mice were given the same
vaccines and dosages as Balb/c mice for comparison as C57BL/6 mice do not exhibit a bias for
Th2 immunologic responses as do Balb/c mice [37]–[39]. PBS and live virus controls were
again included and trivalent 2010-11 formulation influenza vaccine at a dosage of 12 µg per
component was given to assess vaccine specificity.

Neutralizing antibody titers are shown in figure 7A. Geometric mean titers for the highest dose
of the DI vaccine were higher for those vaccine groups in the Balb/c mice than the C57BL/6
mice but only the nonadjuvanted DI vaccine group was significantly higher (p = 0.008, Mann
Whitney U). The serum antibody responses after BPV and live virus administration were similar
for the two mouse strains. After challenge, mean lung virus titers were similar for the PBS
control challenged mice of both mouse strains (10  TCID /g lung) (figure 7B). None of
the Balb/c mouse groups given either vaccine or live virus earlier yielded virus after challenge
but some virus was detected in C57BL/6 mice given the DIV without alum and the BPV with
alum (C57BL/6 versus Balb/c, p = 0.004, Mann Whitney U).
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Figure 7. Mouse and Vaccine Specificity, Experiment 3.
Serum neutralizing (neut) antibody and lung virus titers for each vaccine dosage group.
A. Geometric mean serum antibody titer and standard error of the mean (S.E.) on day
56 for each vaccine dosage group for each mouse strain (Balb/c or C57BL/6). Five mice
per group given 0.1 ml of vaccine intramuscularly on days 0 and 28. B. Geometric mean
virus titer (log  TCID /g) and standard error of the mean (S.E.) in lungs on day 58 (two
days after SARS-CoV challenge for each vaccine dosage group for each mouse strain.
Seven to eight mice per group. Vaccines: Double inactivated whole virus, (DIV), β
propiolactone inactivated whole virus (BPV), with alum (+A). Analyses: A. GMT for
highest DIV dosage without alum greater for Balb/c than C57BL/6 p = .008 but not for
alum p>.05. GMT for the BPV vaccine and live virus were not different for the two strains
p>.05. B. GMT for PBS control mice were not different p>.05. GMT for DIV without alum
and BPV with alum greater for C57BL/6 than Balb/c p = .004.
https://doi.org/10.1371/journal.pone.0035421.g007
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Mean lung lesion scores two days after challenge were similar for all groups and indicated a
moderate to severe degree of cellular infiltration (p>0.05 for each, Anova) (figure 8A). However,
eosinophil scores were significantly different between groups (p<0.001, Anova) with
significantly lower scores for nonvaccine groups than for vaccine groups of both mouse strains
(p<0.001 for all comparable group comparisons, Tukey's HSD). Eosinophil scores for the
vaccine groups were not different between the two mouse strains (p>0.05, t test) (figure 8B).
Photomicrographs of the different vaccine and mouse strain groups are shown in figure 9. Both
vaccines in both mouse strains exhibited significant cellular infiltrations that included numerous
eosinophils as shown in the MBP stained sections, a finding consistent with a hypersensitivity
component of the pathology. Prior influenza vaccine did not lead to an eosinophil infiltration in
the lung lesions after challenge.
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Figure 8. Mouse and Vaccine Specificity, Experiment 3.
Mean lung cellular infiltration/lesion pathology and percent eosinophils in infiltrates for
each vaccine dosage group for each mouse strain (Balb/c or C57BL/6) two days after
challenge with SARS-CoV. A. Mean lesion score and standard error of the mean (S.E.)
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for each vaccine dosage group. Scores are mean of scores for seven to eight mice per
group. Scoring 0 - no definite pathology, 1 - mild peribronchiole and perivascular cellular
infiltration, 2 - moderate peribronchiole and perivascular cellular infiltration, 3 - severe
peribronchiole and perivascular cellular infiltration with thickening of alveolar walls,
alveolar infiltration and bronchiole epithelial cell necrosis and debris in the lumen. Ten to
20 microscopy fields were scored for each mouse lung. B. Mean score and standard
error of the mean (S.E.) for eosinophils as percent of infiltrating cells for each vaccine
dosage group. Scores are mean of scores for seven to eight mice per group. Scoring: 0 -
<5% of cells, 1 - 5–10% of cells, 2 - 10–20% of cells, 3 - >20% of cells. Ten to 20
microscopy fields were scored for each mouse lung. Analyses: A. Mean lesion scores
were not different p>.05. B. Mean eosinophil scores were different p<.001. Mean scores
for vaccine groups greater than non-vaccine groups for Balb/c and C57BL/6 p<.001 for
all comparisons. Mean eosinophil scores for the same groups not different for Balb/c and
C57BL/6 p>.05.
https://doi.org/10.1371/journal.pone.0035421.g008
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Figure 9. Photomicrographs of Lung Tissue.
Representative photomicrographs of lung tissue two days after challenge of Balb/c and
C57BL/6 mice that had previously been given a SARS-CoV vaccine. Lung sections were
separately stained with H&E (pink and blue micrographs) or the immunohistochemical
stain for eosinophil major basic protein (blue and brown micrographs). Balb/c mice lung
sections are in the left column and C57BL/6 are in the right column; doubly inactivated
whole virus vaccine is in the upper four panels and those from mice given the β
propiolactone inactivated whole virus vaccine are in the lower four panels. Pathologic
changes observed (inflammatory infiltrates) are similar in Balb/c and C57BL/6 and
eosinophils are prominent in both groups.
https://doi.org/10.1371/journal.pone.0035421.g009

Discussion

https://doi.org/10.1371/journal.pone.0035421.g009
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0035421.g009


The emergence of the disease SARS and the rapid identification of its severity and high risk for
death prompted a rapid mobilization for control at the major sites of occurrence and at the
international level. Part of this response was for development of vaccines for potential use in
control, a potential facilitated by the rapid identification of the causative agent, a new
coronavirus [8]–[9]. Applying the principles of infection control brought the epidemic under
control but a concern for reemergence naturally or a deliberate release supported continuation
of a vaccine development effort so as to have the knowledge and capability necessary for
preparing and using an effective vaccine should a need arise. For this purpose, the National
Institute of Allergy and Infectious Diseases supported preparation of vaccines for evaluation for
potential use in humans. This effort was hampered by the occurrence in the initial preclinical
trial of an immunopathogenic-type lung disease among ferrets and Cynomolgus monkeys given
a whole virus vaccine adjuvanted with alum and challenged with infectious SARS-CoV [14].
That lung disease exhibited the characteristics of a Th2-type immunopathology with eosinophils
in the lung sections suggesting hypersensitivity that was reminiscent of the descriptions of the
Th2-type immunopathologic reaction in young children given an inactivated RSV vaccine and
subsequently infected with naturally-occurring RSV [32]–[33]. Most of these children
experienced severe disease with infection that led to a high frequency of hospitalizations; two
children died from the infection [33], [40], [41]. The conclusion from that experience was clear;
RSV lung disease was enhanced by the prior vaccination. Subsequent studies in animal
models that are thought to mimic the human experience indicate RSV inactivated vaccine
induces an increased CD4  T lymphocyte response, primarily of Th2 cells and the occurrence
of immune complex depositions in lung tissues [32], [42], [43]. This type of tissue response is
associated with an increase in type 2 cytokines including IL4, IL5, and IL13 and an influx of
eosinophils into the infected lung; [32], [33], [42], [44]. Histologic sections of tissues exhibiting
this type of response have a notable eosinophilic component in the cellular infiltrates. Recent
studies indicate that the Th2-type immune response has both innate and adaptive immune
response components [33], [43].

In addition to the RSV experience, concern for an inappropriate response among persons
vaccinated with a SARS-CoV vaccine emanated from experiences with coronavirus infections
and disease in animals that included enhanced disease among infected animals vaccinated
earlier with a coronavirus vaccine [31]. Feline infectious peritonitis coronavirus (FIPV) is a well-
known example of antibody-mediated enhanced uptake of virus in macrophages that
disseminate and increase virus quantities that lead to enhanced disease [31], [45]. Antigen-
antibody complex formation with complement activation can also occur in that infection and
some other coronavirus infections in animals. Thus, concern for safety of administering SARS-
CoV vaccines to humans became an early concern in vaccine development.

As a site proposed for testing vaccines in humans, we requested and were given approval for
evaluating different vaccine candidates for safety and effectiveness. Two whole coronavirus
vaccines, one rDNA-expressed S protein vaccine and a VLP vaccine prepared by us were
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evaluated in a Balb/c mouse model, initially described by others, of SARS-CoV [46], [47]. The
concern for an occurrence of lung immunopathology on challenge of mice vaccinated with an
inactivated virus vaccine, as reported by Haagmans, et al. for ferrets and nonhuman primates,
was seen by us after challenge of mice vaccinated with a SARS VLP vaccine [20]. This finding
was duplicated in an experiment reported here and was also seen in mice vaccinated with a
range of dosages of a double-inactivated whole virus vaccine (DIV) and an rDNA S protein
vaccine (SV) although the immunopathologic reaction appeared reduced among animals given
the S protein vaccine when compared to those given the whole virus vaccine. In later
experiments, these findings were confirmed and the vaccine utilized by Haagmans, et al. was
also shown to induce the immunopathology in mice. Thus, all four vaccines evaluated induced
the immunopathology; however, all four also induced neutralizing antibody and protection
against infection when compared to control challenged animals.

The immunopathology in all experiments in the present study occurred in the absence of
detectable virus in lungs of mice two days after challenge with infectious virus. In two
experiments, a live virus group subsequently challenged with live virus was included. These
challenged animals also exhibited similar histopathologic changes after challenge although no
infectious virus was detected in lungs on day two; however, in the latter case, the infiltrates
were nearly 100% monocytes and lymphocytes without the eosinophil component seen in the
vaccinated challenged animals. In a separate test to assess the effects of the challenge
inoculum, mice were given an IN challenge with 10 TCID  of inactivated whole SARS-CoV.
Lungs of these animals revealed minimal or no histopathologic damage (data not shown).
These findings suggest that virus replication probably occurred early after challenge, including
in animals given live CoV earlier, and is required for development of pathology, including for the
immunopathology. Infection would have been transient, below the limit of detection two days
after challenge, or neutralized in lung homogenates before testing for virus.. Nevertheless, the
Th2-type immunopathology pattern was seen only in animals given an inactivated vaccine
earlier.

During the course of these experiments, a report appeared describing a similar
immunopathologic-type reaction with prominent eosinophils in SARS-CoV challenged Balb/c
mice that had been given Venezuelan equine encephalitis (VEE) vector containing the SARS
nucleocapsid protein gene [18]. Those challenged animals exhibited infection similar to
unvaccinated animals as well as Th2-type immunopathology. A similar experiment with a VEE
vector containing only the S gene exhibited protection against infection and no
immunopathology. More recently, this group has reported immunopathology with prominent
eosinophil infiltration after SARS-CoV challenge in Balb/c mice vaccinated with the same
double-inactivated whole virus vaccine used in our experiments [28]. They attribute the
immunopathologic reaction following these SARS-CoV vaccinations to presence of the
nucleocapsid protein (N) in the vaccine.
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In another report, vaccinia was used as a vector vaccine for immunizing Balb/c mice with each
of the SARS-CoV structural proteins (N, S, membrane, and envelope) and then challenged with
SARS-CoV [21]. Virus infection was present in all groups after challenge but reduced in the S
vector vaccine group. Histopathology scores were high for the N containing vector group and
low for the S containing group and for the vehicle control group. Eosinophilic infiltrates and IL-5
were increased in the N vaccine group but only IL-5 was increased in the S vaccine group.

To be certain the Th2 type immunopathology was elicited by the S protein vaccine in our
studies and in hopes a greater immune response would result from higher dosages of the
vaccine and induce greater protection against infection as well as reduce or prevent the
immunopathology, our experiment 2 used up to 9 µg of the S protein for immunization. While
increased titers of serum antibody were induced and no virus was detected day two after
challenge in most animals, the Th2-type immunopathology occurred after challenge, and the
immunopathology seen earlier after vaccination with the DI whole virus vaccine was seen
again. This experiment also included the whole virus vaccine tested earlier in ferrets and
nonhuman primates where the Th2-type immunopathology was initially seen. That vaccine, the
BPV in this report, exhibited a pattern of antibody response, protection against infection and
occurrence of immunopathology after challenge similar to the DI whole virus vaccine (DIV).

A final experiment was conducted to evaluate specificity. The Balb/c mouse was compared to
C57BL/6 mice which do not exhibit the Th2 response bias known to occur in Balb/c mice.
C57BL/6 mice in that same experiment exhibited results on challenge similar to those seen in
Balb/c mice. Challenge of animals given prior influenza vaccine were infected and exhibited
histopathologic damage similar to animals given PBS earlier; neither group exhibited the
eosinophil infiltrations seen in animals given a SARS-CoV vaccine.

In these various experiments alum was used as an adjuvant and this adjuvant is known to
promote a Th2 type bias to immune responses [48]. However, the immunopathology seen in
vaccinated-challenged animals also occurred in animals given vaccine without alum. In an effort
to determine whether an adjuvant that induced a bias for a Th1-type response would protect
and prevent the immunopathology, we initiated an experiment where the DI PBS suspended
vaccine was adjuvanted with Freund's complete adjuvant, a Th1-type adjuvant. However, this
experiment was aborted by the September, 2008, Hurricane Ike induced flood of Galveston,
Texas. An experiment with a SARS-CoV whole virus vaccine with and without GlaxoSmithKline
(GSK) adjuvant ASO1 in hamsters has been reported [25]. This adjuvant is thought to induce
Th1-type immune responses [49]. The authors indicate no lung immunopathology was seen
among animals after challenge, including the group given vaccine without adjuvant; however,
whether the hamster model could develop a Th2-type immunopathology is uncertain. Finally, a
number of other studies of vaccines in animal model systems have been reported but presence
or absence of immunopathology after challenge was not reported.
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A summary of the SARS-CoV vaccine evaluations in animal models (including the current
report) that indicated an evaluation for immunopathology after challenge is presented in Table
2. As noted all vaccines containing S protein induced protection against infection while the
studies with VEE and vaccinia vector containing the N protein gene only did not. Also shown is
that a Th2-type immunopathology was seen after challenge of all vaccinated animals when
evaluation for immunopathology was reported except the study in hamsters with a GSK whole
virus vaccine. Thus, inactivated whole virus vaccines whether inactivated with formalin or beta
propiolactone and whether given with our without alum adjuvant exhibited a Th2-type
immunopathologic in lungs after challenge. As indicated, two reports attributed the
immunopathology to presence of the N protein in the vaccine; however, we found the same
immunopathologic reaction in animals given S protein vaccine only, although it appeared to be
of lesser intensity. Thus, a Th2-type immunopathologic reaction on challenge of vaccinated
animals has occurred in three of four animal models (not in hamsters) including two different
inbred mouse strains with four different types of SARS-CoV vaccines with and without alum
adjuvant. An inactivated vaccine preparation that does not induce this result in mice, ferrets and
nonhuman primates has not been reported.
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Table 2. Summary of Reported Protection and Immunopathology in Animal Model
Studies with SARS Coronavirus Vaccines.
https://doi.org/10.1371/journal.pone.0035421.t002

This combined experience provides concern for trials with SARS-CoV vaccines in humans.
Clinical trials with SARS coronavirus vaccines have been conducted and reported to induce
antibody responses and to be “safe” [29], [30]. However, the evidence for safety is for a short
period of observation. The concern arising from the present report is for an immunopathologic
reaction occurring among vaccinated individuals on exposure to infectious SARS-CoV, the
basis for developing a vaccine for SARS. Additional safety concerns relate to effectiveness and
safety against antigenic variants of SARS-CoV and for safety of vaccinated persons exposed to
other coronaviruses, particularly those of the type 2 group. Our study with a VLP SARS vaccine

https://doi.org/10.1371/journal.pone.0035421.t002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0035421.t002


contained the N protein of mouse hepatitis virus and Bolles, et al., reported the
immunopathology in mice occurs for heterologous Gp2b CoV vaccines after challenge [25].
This concern emanates from the proposal that the N protein may be the dominant antigen
provoking the immunopathologic reaction.

Because of well documented severity of the respiratory disease among infants given an
inactivated RSV vaccine and subsequently infected with RSV that is considered to be
attributable to a Th2-type immunopathologic reaction and a large number of studies in the
Balb/c mouse model that have described and elucidated many components of the
immunopathologic reaction to RSV vaccines, the similarity to the SARS-CoV vaccine
evaluations in Balb/c mice supports caution for clinical vaccine trials with SARS-CoV vaccines
in humans. Of interest are the similar occurrences in C57BL/6 mice and in ferrets and
nonhuman primates that provide alternative models for elucidating vaccine-induced
mechanisms for occurrences of Th2 immunopathologic reactions after infection. As indicated,
strong animal model evidence indicates expression of the N protein by SARS-CoV vector
vaccines can induce sensitization leading to a Th2–type immunopathology with infection. In
contrast to our results, those studies did not find clear evidence of the Th2 type
immunopathology on challenge of mice given a vector vaccine for the S protein. The finding of
a Th-2-type pathology in our studies in animals immunized with an rDNA-produced S protein is
unequivocal. In this regard, animal model studies with FIPV in cats and RSV in mice have
indicated that viral surface proteins may be the sensitizing protein of inactivated vaccines for
immunopathology with infection [32], [45]. This suggests that presentation of the S protein in a
vector format may direct immune responses in a different way so that sensitization does not
occur.

Limitations of the present studies include their performance in mice only and uncertainty of the
relevance of rodent models to SARS-CoV vaccines in humans. Additionally, a more intense
study for virus replication including quantitative RT-PCR assays might have confirmed the
probability that virus replication is required for induction of the immunopathology after
vaccination. Evaluations of mechanisms for the immunopathology, including immunoglobulin
and cytokine responses to vaccines and tests for antigen-antibody complexes in tissues
exhibiting the reaction, could have strengthened the Th2-type immunopathology finding. Finally,
a successful study with a Th1-type adjuvant that did not exhibit the Th2 pathology after
challenge would have confirmed a Th2 bias to immune responses as well as provide a potential
safe vaccination approach for SARS.

Acknowledgments
We thank I. Darlene Kirk, CCRP, for aid in coordinating the study and preparing the manuscript.
MBP antibodies were kindly provided by the laboratory of Drs. Jamie and Nancy Lee, Mayo
Clinic Arizona; e-mail address:jjlee@mayo.edu

mailto:jjlee@mayo.edu


1.

2.

View Article Google Scholar

3.

View Article Google Scholar

4.

5.

View Article Google Scholar

6.

View Article Google Scholar

7.

View Article Google Scholar

8.

Author Contributions
Conceived and designed the experiments: RBC CJP C-TT. Performed the experiments: C-TT
ES NI-Y PCN TG. Analyzed the data: RLA RBC C-TT. Contributed reagents/materials/analysis
tools: RBC C-TT RLA ES. Wrote the paper: RBC C-TT ES.

References
World Health Organization website (2003) Available:
http://www.who.int/csr/media/sars_wha.pdf. Accessed 2012 Apr 2. Severe acute
respiratory syndrome (SARS): Status of the outbreak and lessons for the immediate
future; unmasking a new disease. CSR/WHO, Geneva. 20 May 2003.

Tsang KW, Ho PL, Ooi CG, Yee WK, Wang T, et al. (2003) A cluster of cases of severe
acute respiratory syndrome in Hong Kong. N Engl J Med 348: 1953–66.

Poutanen SM, Low D, Henry B, Finkelstein S, Rose D, et al. (2003) Identification of
severe acute respiratory syndrome in Canada. N Engl J Med 348: 1953–66.

World Health Organization Website Available:
http://www.who.int/csr/sars/country/2003_04_04/en/index.html. Accessed 2004 April 21.

Lee N, Hui D, Wu A, Chan P, Cameron P, et al. (2003) A major outbreak of severe
acute respiratory syndrome in Hong Kong. N Engl J Med 348: 1986–94.

Fowler RA, Lapinsky SE, Hallett D, Detsky AS, Sibbald WJ, et al. (2003) Critically ill
patients with severe acute respiratory syndrome. JAMA 290: 367–80.

Peiris JSM, Yuen KY, Osterhaus ADME, Stohr K (2003) The severe acute respiratory
syndrome. N Engl J Med 349: 2431–41.

Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, et al. (2003) A novel
coronavirus associated with severe acute respiratory syndrome. N Engl J Med 348:

http://scholar.google.com/scholar?q=A+cluster+of+cases+of+severe+acute+respiratory+syndrome+in+Hong+Kong.+Tsang+2003
http://scholar.google.com/scholar?q=Identification+of+severe+acute+respiratory+syndrome+in+Canada.+Poutanen+2003
http://scholar.google.com/scholar?q=A+major+outbreak+of+severe+acute+respiratory+syndrome+in+Hong+Kong.+Lee+2003
http://scholar.google.com/scholar?q=Critically+ill+patients+with+severe+acute+respiratory+syndrome.+Fowler+2003
http://scholar.google.com/scholar?q=The+severe+acute+respiratory+syndrome.+Peiris+2003
http://www.who.int/csr/media/sars_wha.pdf
http://www.who.int/csr/sars/country/2003_04_04/en/index.html


View Article Google Scholar

9.

View Article Google Scholar

10.

View Article Google Scholar

11.

12.

13.

14.

15.

View Article Google Scholar

16.

View Article Google Scholar

1953–66.

Drosten C, Gunther S, Preiser W, van der WS, Brodt HR, et al. (2003) Identification of a
novel coronavirus in patients with severe acute respiratory syndrome. N Engl J Med
348: 1967–76.

Li W, Shi Z, Yu M, Ren W, Smith C, et al. (2005) Bats are natural reservoirs of SARS-
like coronaviruses. Science 310: 676–9.

World Health Organization website (2003) Case definitions for surveillance of severe
acute respiratory syndrome (SARS). Geneva, Switzerland: World Health Organization.
Available: www.who.int/csr/sars/casedefinition/en/. Accessed: 2012 Apr 2.

Centers for Disease Control and Prevention website (2003) Updated interim U.S. case
definition for severe acute respiratory syndrome (SARS). Atlanta: Centers for Disease
Control and Prevention. Available:
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5217a5.htm. Accessed 2012 Apr 2.

Kusters IC, Matthews J, Saluzzo JF (2009) Manufacturing vaccines for an emerging
viral infection – Specific issues associated with the development of a prototype SARS
vaccine. In: Barrett ADT, Stanberry LR, editors. Vaccines for biodefense and emerging
and neglected diseases. City: Elsevier. pp. 147–156.

Haagmans BL, Boudet F, Kuiken T, deLang A, Martina BE, et al. (2005) Protective
immunity induced by the inactivated SARS coronavirus vaccine. Abstract S 12-1.
Presented at the X International Nidovirus Symposium, Colorado Springs, CO.

See RH, Zakhartchouk AN, Petric M, Lawrence DJ, Mok CP, et al. (2006) Comparative
evaluation of two severe acute respiratory syndrome (SARS) vaccine candidates in
mice challenged with SARS coronavirus. J Gen Virol 87: 641–650.

Spruth M, Kistner O, Savidis-Dacho H, Hitter E, Crowe B, et al. (2006) A double-
inactivated whole virus candidate SARS coronavirus vaccine stimulates neutralizing
and protective antibody responses. Vaccine 24: 652–661.

http://scholar.google.com/scholar?q=A+novel+coronavirus+associated+with+severe+acute+respiratory+syndrome.+Ksiazek+2003
http://scholar.google.com/scholar?q=Identification+of+a+novel+coronavirus+in+patients+with+severe+acute+respiratory+syndrome.+Drosten+2003
http://scholar.google.com/scholar?q=Bats+are+natural+reservoirs+of+SARS-like+coronaviruses.+Li+2005
http://scholar.google.com/scholar?q=Comparative+evaluation+of+two+severe+acute+respiratory+syndrome+%28SARS%29+vaccine+candidates+in+mice+challenged+with+SARS+coronavirus.+See+2006
http://scholar.google.com/scholar?q=A+double-inactivated+whole+virus+candidate+SARS+coronavirus+vaccine+stimulates+neutralizing+and+protective+antibody+responses.+Spruth+2006
http://www.who.int/csr/sars/casedefinition/en/
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5217a5.htm


17.

View Article Google Scholar

18.

View Article Google Scholar

19.

View Article Google Scholar

20.

View Article Google Scholar

21.

View Article Google Scholar

22.

View Article Google Scholar

23.

View Article Google Scholar

Zhou Z, Post P, Chubet R, Holtz K, McPherson C, et al. (2006) A recombinant
baculovirus-expressed S glycoprotein vaccine elicits high titers of SARS-associated
coronavirus (SARS-CoV) neutralizing antibodies in mice. Vaccine 24: 3624–3631.

Deming D, Sheahan T, Heise M, Yount B, Davis N, et al. (2006) Vaccine efficacy in
senescent mice challenged with recombinant SARS-CoV bearing epidemic and
zoonotic spike variants. PLoS Medicine 3: 2359–2375.

Enjuanes L, DeDiego ML, Alvarez E, Deming D, Sheahan T, et al. (2008) Vaccines to
prevent severe acute respiratory syndrome coronavirus-induced disease. Vaccine
Research 133: 45–62.

Lokugamage KG, Yoshikawa-Iwata N, Ito N, Watts DM, Wyde PR, et al. (2008)
Chimeric coronavirus-like particles carrying severe acute respiratory syndrome
coronavirus (SCov) S protein protect mice against challenge with SCoV. Vaccine 26:
797–808.

Yasui F, Kai C, Kitabatake M, Inoue S, Yoneda M, et al. (2008) Prior immunization with
severe acute respiratory syndrome (SARS)-associated coronavirus (SARS-CoV)
nucleocapsid protein causes severe pneumonia in mice infected with SARS-CoV. J
Immunol 181: 6337–6348.

See RH, Petric M, Lawrence DJ, Mok CPY, Rowe T, et al. (2008) Severe acute
respiratory syndrome vaccine efficacy in ferrets: whole killed virus and adenovirus-
vectored vaccines. J Gen Virol 89: 2136–2146.

Lamirande EW, DeDiego ML, Roberts A, Jackson JP, Alvarez E, et al. (2008) A live
attenuated severe acute respiratory syndrome coronavirus is immunogenic and
efficacious in golden Syrian hamsters. J Virol 82: 7221–7224.

http://scholar.google.com/scholar?q=A+recombinant+baculovirus-expressed+S+glycoprotein+vaccine+elicits+high+titers+of+SARS-associated+coronavirus+%28SARS-CoV%29+neutralizing+antibodies+in+mice.+Zhou+2006
http://scholar.google.com/scholar?q=Vaccine+efficacy+in+senescent+mice+challenged+with+recombinant+SARS-CoV+bearing+epidemic+and+zoonotic+spike+variants.+Deming+2006
http://scholar.google.com/scholar?q=Vaccines+to+prevent+severe+acute+respiratory+syndrome+coronavirus-induced+disease.+Enjuanes+2008
http://scholar.google.com/scholar?q=Chimeric+coronavirus-like+particles+carrying+severe+acute+respiratory+syndrome+coronavirus+%28SCov%29+S+protein+protect+mice+against+challenge+with+SCoV.+Lokugamage+2008
http://scholar.google.com/scholar?q=Prior+immunization+with+severe+acute+respiratory+syndrome+%28SARS%29-associated+coronavirus+%28SARS-CoV%29+nucleocapsid+protein+causes+severe+pneumonia+in+mice+infected+with+SARS-CoV.+Yasui+2008
http://scholar.google.com/scholar?q=Severe+acute+respiratory+syndrome+vaccine+efficacy+in+ferrets%3A+whole+killed+virus+and+adenovirus-vectored+vaccines.+See+2008
http://scholar.google.com/scholar?q=A+live+attenuated+severe+acute+respiratory+syndrome+coronavirus+is+immunogenic+and+efficacious+in+golden+Syrian+hamsters.+Lamirande+2008


24.

View Article Google Scholar

25.

View Article Google Scholar

26.

View Article Google Scholar

27.

View Article Google Scholar

28.

View Article Google Scholar

29.

View Article Google Scholar

30.

View Article Google Scholar

Lu B, Huang Y, Huang L, Li B, Zheng Z, et al. (2010) Effect of mucosal and systemic
immunization with virus-like particles of severe acute respiratory syndrome coronavirus
in mice. Immunology 130: 254–261.

Roberts A, Lamirande EW, Vogel L, Baras B, Goossens G, et al. (2010)
Immunogenicity and protective efficacy in mice and hamsters of a β-Propiolactone
inactivated whole virus SARS-CoV vaccine. Viral Immunol 23: 509–519.

Du L, Zhao G, Chan CCS, Li L, He Y, et al. (2010) A 210-mer CHO-expressing
receptor-binding domain of SARS CoV S protein induces potent immune responses
and protective immunity. Viral Immunol 23: 211–219.

Liu YV, Massare MJ, Barnard DL, Kort T, Nathan M, et al. (2011) Chimeric severe acute
respiratory syndrome coronavirus (SARS CoV) S glycoprotein and influenza matrix 1
efficiently form virus-like particles (VLPs) that protect mice against challenge with
SARS-CoV. Vaccine 29: 6606–6613.

Bolles M, Deming D, Long K, Agnihothram S, Whitmore , et al. (2011) A double-
inactivated severe acute respiratory syndrome coronavirus vaccine provides incomplete
protection in mice and induces increased eosinophilic proinflammatory pulmonary
response upon challenge. J Virol 85: 12201–12215.

Lin J-T, Zhang J-S, Su N, Xu J-G, Wang N, et al. (2007) Safety and immunogenicity
from a Phase I trial of inactivated severe acute respiratory syndrome coronavirus
vaccine. Antiviral Therapy 12: 1107–1113.

Martin JE, Louder MK, Holman LA, Gordon IJ, Enama ME, et al. (2008) A SARS DNA
vaccine induces neutralizing antibody and cellular immune responses in healthy adults
in a Phase I clinical trial. Vaccine 26: 6338–6343.

http://scholar.google.com/scholar?q=Effect+of+mucosal+and+systemic+immunization+with+virus-like+particles+of+severe+acute+respiratory+syndrome+coronavirus+in+mice.+Lu+2010
http://scholar.google.com/scholar?q=Immunogenicity+and+protective+efficacy+in+mice+and+hamsters+of+a+%CE%B2-Propiolactone+inactivated+whole+virus+SARS-CoV+vaccine.+Roberts+2010
http://scholar.google.com/scholar?q=A+210-mer+CHO-expressing+receptor-binding+domain+of+SARS+CoV+S+protein+induces+potent+immune+responses+and+protective+immunity.+Du+2010
http://scholar.google.com/scholar?q=Chimeric+severe+acute+respiratory+syndrome+coronavirus+%28SARS+CoV%29+S+glycoprotein+and+influenza+matrix+1+efficiently+form+virus-like+particles+%28VLPs%29+that+protect+mice+against+challenge+with+SARS-CoV.+Liu+2011
http://scholar.google.com/scholar?q=A+double-inactivated+severe+acute+respiratory+syndrome+coronavirus+vaccine+provides+incomplete+protection+in+mice+and+induces+increased+eosinophilic+proinflammatory+pulmonary+response+upon+challenge.+Bolles+2011
http://scholar.google.com/scholar?q=Safety+and+immunogenicity+from+a+Phase+I+trial+of+inactivated+severe+acute+respiratory+syndrome+coronavirus+vaccine.+Lin+2007
http://scholar.google.com/scholar?q=A+SARS+DNA+vaccine+induces+neutralizing+antibody+and+cellular+immune+responses+in+healthy+adults+in+a+Phase+I+clinical+trial.+Martin+2008


31.

View Article Google Scholar

32.

View Article Google Scholar

33.

View Article Google Scholar

34.

View Article Google Scholar

35.

View Article Google Scholar

36.

View Article Google Scholar

37.

View Article Google Scholar

38.

View Article Google Scholar

Perlman S, Dandekar AA (2005) Immunopathogenesis of coronavirus infections:
Implications for SARS. Nature Rev Immunol 5: 917–927.

Castilow EM, Olson MR, Varga SM (2007) Understanding respiratory syncytial virus
(RSV) vaccine-enhanced disease. Immunol Res 39: 225–239.

Collins PL, Graham BS (2008) Viral and host factors in human respiratory syncytial
virus pathogenesis. J Virol 82: 2040–2055.

Tseng CT, Huang C, Newman P, Wang N, Narayanan K, et al. (2007) Severe acute
respiratory syndrome coronavirus infection of mice transgenic for the human
Angiotensin-converting enzyme 2 virus receptor. J Virol 81: 1162–1173.

Yoshikawa N, Yoshikawa T, Hill T, Huang C, Watts DM, et al. (2009) Differential
virological and immunological outcome of severe acute respiratory syndrome
coronavirus infection in susceptible and resistant transgenic mice expressing human
angiotensin-converting enzyme 2. J Virol 83: 5451–5465.

Protheroe C, Woodruff SA, DePetris G, Mukkada V, Ochkur SI, et al. (2009) A novel
histological scoring system to evaluate mucosal biopsies from patients with eosinophilic
esophagitis. Clin Gastroenterol Hepatol 2009 7: 749–55.

Hsieh C-S, Macatonia SE, O'Garra A, Murphy KM (1995) T cell genetic background
determines default T helper phenotype development in vitro. J Exp Med 181: 713–721.

Gorham JD, Guler ML, Steen RG, Mackey AJ, Daly MJ, et al. (1996) Genetic mapping
of a murine locus controlling development of T helper 1/T helper 2 type responses. Proc
Natl Acad Sci U S A 93: 12467–12472.

http://scholar.google.com/scholar?q=Immunopathogenesis+of+coronavirus+infections%3A+Implications+for+SARS.+Perlman+2005
http://scholar.google.com/scholar?q=Understanding+respiratory+syncytial+virus+%28RSV%29+vaccine-enhanced+disease.+Castilow+2007
http://scholar.google.com/scholar?q=Viral+and+host+factors+in+human+respiratory+syncytial+virus+pathogenesis.+Collins+2008
http://scholar.google.com/scholar?q=Severe+acute+respiratory+syndrome+coronavirus+infection+of+mice+transgenic+for+the+human+Angiotensin-converting+enzyme+2+virus+receptor.+Tseng+2007
http://scholar.google.com/scholar?q=Differential+virological+and+immunological+outcome+of+severe+acute+respiratory+syndrome+coronavirus+infection+in+susceptible+and+resistant+transgenic+mice+expressing+human+angiotensin-converting+enzyme+2.+Yoshikawa+2009
http://scholar.google.com/scholar?q=A+novel+histological+scoring+system+to+evaluate+mucosal+biopsies+from+patients+with+eosinophilic+esophagitis.+Protheroe+2009
http://scholar.google.com/scholar?q=T+cell+genetic+background+determines+default+T+helper+phenotype+development+in+vitro.+Hsieh+1995
http://scholar.google.com/scholar?q=Genetic+mapping+of+a+murine+locus+controlling+development+of+T+helper+1%2FT+helper+2+type+responses.+Gorham+1996


39.

View Article Google Scholar

40.

View Article Google Scholar

41.

View Article Google Scholar

42.

View Article Google Scholar

43.

View Article Google Scholar

44.

View Article Google Scholar

45.

View Article Google Scholar

Launois P, Maillard I, Pingel S, Gwihart KG, Xenarios I, et al. (1997) IL-4 rapidly
produced by Vβ4 Vα8 CD4  T cells instructs Th2 development and susceptibility to
Leishmania major in BALB/c mice. Immunity 6: 541–549.

Kapikian AZ, Mitchell RH, Chanock RM, Shvedoff RA, Stewart CE (1969) An
epidemiologic study of altered clinical reactivity to respiratory syncytial (RS) virus
vaccine. Am J Epidemiol 89: 405–21.

Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM, et al. (1969) Respiratory
syncytial virus disease in infants despite prior administration of antigenic inactivated
vaccine. Am J Epidemiol 89: 422–34.

Waris ME, Tsou C, Erdman DD, Zaki SR, Anderson LJ (1996) Respiratory syncytial
virus infection in BALB/c mice previously immunized with formalin-inactivated virus
induces enhanced pulmonary inflammatory response with a predominant Th2-like
cytokine pattern. J Virol 70: 2852–60.

Polack FP, Teng MN, Collins PL, Prince GA, Exner M, et al. (2002) A role for immune
complexes in enhanced respiratory syncytial virus disease. J Exp Med 196: 859–65.

Power UF, Huss T, Michaud V, Plotnicky-Gilquin H, Bonnefoy J-Y, et al. (2001)
Differential histopathology and chemokine gene expression in lung tissues following
respiratory syncytial virus (RSV) challenge in formalin-inactivated RSV- or BBG2Na-
immunized mice. J Virol 75: 12421–30.

Weiss RC, Scott FW (1981) Antibody-mediated enhancement of disease in feline
infectious peritonitis: comparisons with dengue hemorrhagic fever. Comp Immunol
Microbiol Infect Dis 4: 175–89.

+

http://scholar.google.com/scholar?q=IL-4+rapidly+produced+by+V%CE%B24+V%CE%B18+CD4%2B+T+cells+instructs+Th2+development+and+susceptibility+to+Leishmania+major+in+BALB%2Fc+mice.+Launois+1997
http://scholar.google.com/scholar?q=An+epidemiologic+study+of+altered+clinical+reactivity+to+respiratory+syncytial+%28RS%29+virus+vaccine.+Kapikian+1969
http://scholar.google.com/scholar?q=Respiratory+syncytial+virus+disease+in+infants+despite+prior+administration+of+antigenic+inactivated+vaccine.+Kim+1969
http://scholar.google.com/scholar?q=Respiratory+syncytial+virus+infection+in+BALB%2Fc+mice+previously+immunized+with+formalin-inactivated+virus+induces+enhanced+pulmonary+inflammatory+response+with+a+predominant+Th2-like+cytokine+pattern.+Waris+1996
http://scholar.google.com/scholar?q=A+role+for+immune+complexes+in+enhanced+respiratory+syncytial+virus+disease.+Polack+2002
http://scholar.google.com/scholar?q=Differential+histopathology+and+chemokine+gene+expression+in+lung+tissues+following+respiratory+syncytial+virus+%28RSV%29+challenge+in+formalin-inactivated+RSV-+or+BBG2Na-immunized+mice.+Power+2001
http://scholar.google.com/scholar?q=Antibody-mediated+enhancement+of+disease+in+feline+infectious+peritonitis%3A+comparisons+with+dengue+hemorrhagic+fever.+Weiss+1981


46.

View Article Google Scholar

47.

View Article Google Scholar

48.

View Article Google Scholar

49.

View Article Google Scholar

Wentworth DE, Gillim-Ross L, Espina N, Bernard KA (2004) Mice susceptible to SARS
coronavirus. Emerg Infect Dis 10: 1293–96.

Subbarao K, McAuliffe J, Vogel L, Fahle G, Fischer S, et al. (2004) Prior infection and
passive transfer of neutralizing antibody prevent replication of severe acute respiratory
syndrome coronavirus in the respiratory tract of mice. J Virol 78: 3572–77.

Jordan MB, Mills DM, Kappler J, Marrack P, Cambier JC (2004) Promotion of B cell
immune responses via an alum-induced myeloid cell population. Science 304: 1808–
10.

Garcon N, Chomez P, Van Mechelen M (2007) GlaxoSmithKline Adjuvant Systems in
vaccines: concepts, achievements and perspectives. Expert Rev Vaccines 6: 723–9.

 PLOS is a nonprofit 501(c)(3) corporation, #C2354500, based in San Francisco, California, US

Publications

PLOS Biology
PLOS Medicine
PLOS Computational Biology
PLOS Genetics
PLOS Pathogens
PLOS ONE
PLOS Neglected Tropical Diseases

 

PLOS Climate
PLOS Digital Health
PLOS Global Public Health
PLOS Sustainability and Transformation
PLOS Water

Home
Blogs
Collections
Give feedback
LOCKSS

Privacy Policy
Terms of Use
Advertise
Media Inquiries
Contact

 

http://scholar.google.com/scholar?q=Mice+susceptible+to+SARS+coronavirus.+Wentworth+2004
http://scholar.google.com/scholar?q=Prior+infection+and+passive+transfer+of+neutralizing+antibody+prevent+replication+of+severe+acute+respiratory+syndrome+coronavirus+in+the+respiratory+tract+of+mice.+Subbarao+2004
http://scholar.google.com/scholar?q=Promotion+of+B+cell+immune+responses+via+an+alum-induced+myeloid+cell+population.+Jordan+2004
http://scholar.google.com/scholar?q=GlaxoSmithKline+Adjuvant+Systems+in+vaccines%3A+concepts%2C+achievements+and+perspectives.+Garcon+2007
https://plos.org/publications/journals/
https://journals.plos.org/plosbiology/
https://journals.plos.org/plosmedicine/
https://journals.plos.org/ploscompbiol/
https://journals.plos.org/plosgenetics/
https://journals.plos.org/plospathogens/
https://journals.plos.org/plosone/
https://journals.plos.org/plosntds/
https://journals.plos.org/climate/
https://journals.plos.org/digitalhealth/
https://journals.plos.org/globalpublichealth/
https://journals.plos.org/sustainabilitytransformation/
https://journals.plos.org/water/
https://plos.org/
https://blogs.plos.org/
https://collections.plos.org/
mailto:webmaster@plos.org
https://journals.plos.org/plosone/lockss-manifest
https://plos.org/privacy-policy
https://plos.org/terms-of-use
https://plos.org/advertise/
https://plos.org/media-inquiries
https://plos.org/contact



