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 2

Abstract 17 

Severe acute respiratory syndrome-related coronavirus (SARS-CoV) is an emerging 18 

pathogen that causes severe respiratory illness. Whole UV-inactivated SARS-CoV (UV-V), 19 

bearing multiple epitopes and proteins, is a candidate vaccine against this virus. However, whole 20 

inactivated SARS vaccine that includes nucleocapsid protein is reported to induce eosinophilic 21 

infiltration in mouse lungs after challenge with live SARS-CoV. In this study, an ability of 22 

Toll-like receptor (TLR) agonists to reduce the side effects of UV-V vaccination in a 23 

6-month-old adult BALB/c mouse model was investigated, using the mouse-passaged Frankfurt 1 24 

isolate of SARS-CoV. Immunization of adult mice with UV-V, with or without alum, resulted in 25 

partial protection from lethal doses of SARS-CoV challenge, but extensive eosinophil infiltration 26 

in the lungs was observed. By contrast, TLR agonists added to UV-V vaccine, including 27 

lipopolysaccharide, polyU, and poly (I:C) (UV-V+TLR), strikingly reduced excess eosinophilic 28 

infiltration in the lungs and induced lower levels of interleukin-4 and -13 and eotaxin in the lungs 29 

than UV-V-immunization alone. Additionally, microarray analysis showed that genes associated 30 

with chemotaxis, eosinophil migration, eosinophilia, and cell movement, and the polarization of 31 

Th2 cells were up-regulated in UV-V- but not in UV-V+TLR-immunized mice. In particular, 32 
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CD11b+ cells in the lungs of UV-V-immunized mice showed the up-regulation of genes 33 

associated with the induction of eosinophils after challenge. These findings suggest that 34 

vaccine-induced eosinophil immunopathology in the lungs upon SARS-CoV infection could be 35 

avoided by the TLR agonist adjuvants. 36 

37 
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 38 

Importance 39 

Inactivated whole severe acute respiratory syndrome-related coronavirus (SARS-CoV) 40 

vaccines induce neutralizing antibodies in mouse models, however, they also cause increased 41 

eosinophilic immunopathology in the lungs upon SARS-CoV challenge. In this study, the ability 42 

of adjuvant Toll-like receptor (TLR) agonists to reduce the side effects of UV-inactivated 43 

SARS-CoV vaccination in a BALB/c mouse model was tested, using the mouse-passaged 44 

Frankfurt 1 isolate of SARS-CoV. We found that TLR stimulation reduced the high level of 45 

eosinophilic infiltration that occurred in the lungs of mice immunized with UV-inactivated 46 

SARS-CoV. Microarray analysis revealed that genes associated with chemotaxis, eosinophil 47 

migration, eosinophilia, and cell movement, and the polarization of Th2 cells were up-regulated 48 

in UV-inactivated SARS-CoV-immunized mice. This study may be helpful for elucidating the 49 

pathogenesis underlying eosinophilic infiltration resulting from immunization with inactivated 50 

vaccine. 51 

52 
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Introduction 53 

Severe acute respiratory syndrome-related coronavirus (SARS-CoV), a cause of severe 54 

respiratory illness, emerged in southern China in late 2002 and quickly spread to several 55 

countries throughout Asia, Europe and North America by early 2003 (1-4). Although SARS has 56 

not re-emerged since 2003, vaccination is the most likely mode of preventing future SARS-CoV 57 

outbreaks, especially in individuals at high risk, such as healthcare workers. To date, no vaccine 58 

is licensed for SARS-CoV. A SARS-CoV vaccine based on whole inactivated virions is easily 59 

prepared and is expected to induce a broader spectrum of antibodies compared to recombinant 60 

virus based vaccines expressing particular sets of SARS-CoV proteins. Although inactivated 61 

whole SARS-CoV vaccines induce neutralizing antibodies in mouse models (5-10), they also 62 

cause increased eosinophilic immunopathology in the lungs upon SARS-CoV challenge (11-14). 63 

These reactions are thought to be caused by the incorporation of SARS-CoV nucleocapsid 64 

protein (N) in vaccine formulations, which induces N-specific immune responses and enhances 65 

eosinophilic immune pathology (11, 12, 15).  66 

Enhanced eosinophilic immune pathology was also observed in the 1960s, when 67 

formalin-inactivated respiratory syncytial virus (FI-RSV) vaccine combined with alum adjuvant 68 
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was injected intramuscularly into children to immunize them against RSV. In these trials, 80% of 69 

immunized children were hospitalized and died of enhanced respiratory disease upon subsequent 70 

RSV infection. Histologic examination of their lungs showed bronchoconstriction and severe 71 

pneumonia with peribronchiolar eosinophils (16, 17). These findings suggest that FI-RSV 72 

vaccination induced non-neutralizing, non-protective antibodies, with natural infection of RSV 73 

causing a hypersensitivity response to viral antigens, characterized by bronchoconstriction and 74 

severe pneumonia. The pathology of the enhanced respiratory disease upon subsequent RSV 75 

infection are thought to be due to skewing of the immune response toward Th2, with eosinophils 76 

having a key role in the progression of enhanced respiratory disease. The generation of 77 

non-protective antibodies by the FI-RSV vaccine may have been due to poor Toll-like receptor 78 

(TLR) stimulation (18).  79 

Thus, TLR stimulation with an inactivated whole virion vaccine is thought to be crucial to 80 

induce protective antibodies and to reduce eosinophilic responses. In this study, we evaluated the 81 

efficacy and safety of UV-inactivated whole SARS-CoV (UV-V) in a model using BALB/c mice 82 

and mouse-passaged SARS-CoV. We investigated the ability of adjuvant TLR agonists to reduce 83 

the side effects of UV-V vaccination, such as enhanced eosinophilic immune pathology. 84 

85 
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Materials and methods 86 

Viruses and cells 87 

Vero E6 cells, purchased from the American Type Cell Collection (Manassas, VA), were 88 

cultured in Eagle's minimal essential medium (MEM) containing 5% fetal bovine serum (FBS), 89 

50 IU/ml penicillin G, and 50 g/ml streptomycin. Stocks of the mouse-passaged Frankfurt 1 90 

isolate of SARS-CoV, F-musX-VeroE6 (F-musX), were propagated and titrated on Vero E6 cells 91 

and cryopreserved at -80°C as previously described (19). Viral infectivity titers are expressed as 92 

50% of the tissue culture infectious dose (TCID50) /ml on Vero E6 cells, as calculated according 93 

to the Behrens-Kärber method. Work with infectious SARS-CoV was performed under biosafety 94 

level 3 conditions. 95 

 96 

Preparation of UV-V 97 

UV-V was prepared as previously described (6). Briefly, the HKU39849 isolate of 98 

SARS-CoV was amplified in Vero E6 cells, exposed to UV light (4.75 J/cm2), and purified by 99 

sucrose density gradient centrifugation. Inactivation of the virus infectivity of UV-V was 100 

confirmed upon inoculation to Vero E6 cells. 101 
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 102 

Animal experiments 103 

BALB/c female mice, purchased from Japan SLC Inc. (Shizuoka, Japan), were housed in an 104 

environmentally controlled specific pathogen-free animal facility. Animals were infected with 105 

SARS-CoV in biosafety level 3 animal facilities, according to the Animal Care and Use 106 

Committee of the National Institute of Infectious Diseases, Tokyo, Japan. 107 

For immunization, 14-week-old BALB/c mice were subcutaneously injected in the back with 108 

10 g UV-V alone (UV-V), 10 g UV-V plus 2 mg alum (Pierce, Rockford, Ill) (UV-V+Alum), 109 

or 10 g UV-V plus TLR agonists (UV-V+TLR), and reimmunized 6–7 weeks later. The TLR 110 

agonists consisted of 1 g lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO), 2.5 g poly 111 

(I:C) (Invitrogen, San Diego, CA), and 0.1 g polyU (Invitrogen) per immunization. Control 112 

mice were injected with phosphate buffered saline (PBS) with or without Alum.  113 

At 8–10 days after the 2nd immunization, mice were anesthetized by intraperitoneal injection 114 

of a mixture of 1.0 mg ketamine and 0.02 mg xylazine in 0.1 ml/10 g body weight. The animals 115 

were subsequently inoculated in the left nostril with 106.5
 TCID50 of F-musX in 30 l, 1000-fold 116 

higher than the 50% lethal dose for adult BALB/c mice (n = 5–7 per group) (19).  117 
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A second vaccination experiment was performed to evaluate the long-term efficacy of TLR, 118 

with the vaccinated mice rested for 4 weeks before F-musX challenge. Ten-week-old BALB/c 119 

mice were vaccinated with 10 g UV-V or 10 g UV-V+TLR and boosted 6 weeks later. Four 120 

weeks afterwards, the animals were inoculated in the left nostril with 106.5
 TCID50 in 30 l of 121 

F-musX.  122 

To mimic immunization with an attenuated vaccine, 25-week-old mice were administered 123 

intranasally with 106.3
 TCID50 of the HKU39849 isolate in 20 l, since HKU39849 was shown to 124 

be avirulent in adult mice. Control mice were injected with MEM intranasally. Fourteen days 125 

later, these mice were challenged intranasally with 106.5
 TCID50 in 30 l of F-musX.  126 

Body weights were measured daily for 10 days, and the mice were sacrificed 3 or 10 days 127 

after challenge to analyze virus replication, hematology, cytokine expression, and pathology (n = 128 

3–4 per group). 129 

 130 

Virus titration. 131 

To titrate a virus infectivity in lung homogenates, 10% (w/v) tissue homogenates of each 132 

lung were prepared in MEM containing 2% FBS, 50 IU/ml penicillin G, 50 g/ml streptomycin, 133 
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and 2.5 g/ml amphotericin B. Lung wash fluid was also collected for analysis of infectious virus 134 

titers.  135 

 136 

Cytokine and chemokine profiling. 137 

Inflammatory profiling of 10% (w/v) lung homogenates was performed using the Milliplex® 138 

Map assay (Millipore, MA), as described by the manufacturer. These assays can determine the 139 

concentrations of 18 cytokines and chemokines, including eotaxin, granulocyte macrophage 140 

colony-stimulating factor (GM-CSF), interferon (IFN) , interleukin (IL)-1 , IL-2, IL-4, IL-5, 141 

IL-6, IL-7, IL-10, IL-12 (p70), IL-13, interferon gamma-induced protein 10 (IP-10), 142 

neutrophil-related chemokine KC (KC), monocyte chemoattractant protein-1 (MCP-1), 143 

macrophage inflammatory protein-1  (MIP-1 ), regulated and normal T cell expressed and 144 

secreted (RANTES), and tumor necrosis factor-  (TNF- ). Type I IFNs in 10% (w/v) lung 145 

homogenates obtained 3 and 10 days after inoculation were analyzed using mouse IFN-  and -  146 

ELISA kits (PBL Interferon Source, Piscataway, NJ), according to the protocol described by the 147 

manufacturer.  148 

 149 
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SARS-CoV neutralizing assay 150 

Blood was obtained from the tail vein of each mouse and allowed to clot. Sera were collected 151 

by centrifugation, and inactivated by incubation at 56°C for 30 min. One hundred TCID50 152 

aliquots of F-musX of SARS-CoV were incubated for 1 hour in the presence or absence of mice 153 

sera serially 2-fold diluted, and then added to confluent Vero E6 cell cultures in 96-well 154 

microtiter plates as described (20). The presence of a viral cytopathic effect was determined on 155 

day 3, and the titers of neutralizing antibody were determined as the reciprocal of the highest 156 

dilution at which cytopathic effect was not observed. The lowest and highest serum dilutions 157 

tested were 1:2 and 1:512, respectively. 158 

 159 

Quantitative real-time reverse-transcription (RT)-PCR. 160 

To assay type I IFN mRNA expression and viral genome copies during early phases of 161 

SARS-CoV infection, the left lobe of a lung from mice injected with UV-V (n=6), UV-V+TLR 162 

(n = 6), or PBS (n =3) was obtained 1 day after challenge and placed in RNA later solution 163 

(Ambion). RNA was extracted from the lung samples using RNeasy® mini kits (Qiagen, Hilden, 164 

Germany), according to the manufacturer’s instructions.  165 
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Real-time one-step quantitative RT-PCR assays were used to detect IFN- 4, IFN- , and 166 

SARS-CoV mRNA using QuantiTect Probe RT-PCR kits (Qiagen, Valencia, CA) and an ABI 167 

PRISM 7900HT Fast Real Time PCR System (Applied Biosystems, Foster City, CA). TaqMan 168 

probes and primers are listed in Table 2. Reactions were incubated at 50°C for 30 minutes, 169 

followed by 95°C for 15 minutes and thermal cycling, which consisted of 40 cycles of 170 

denaturation at 94°C for 15 seconds, and annealing and extension at 60°C for 60 seconds. The 171 

expression of each gene was normalized relative to that of -actin mRNA, with the expression of 172 

IFN- 4 and IFN-  mRNAs calculated as the log10 fold-change relative to PBS-injected and 173 

challenged mice.  174 

 175 

Histopathology and immunohistochemistry 176 

Animals were anesthetized and perfused with 2 ml of 10% phosphate-buffered formalin (n 177 

=3–4). Animals were necropsied within 12 hours of death, whereas moribund animals were 178 

euthanized by excess isoflurane. All animals were subsequently examined histopathologically, 179 

with 10% phosphate-buffered formalin injected into the trachea until the lungs inflated. Fixed 180 

lung tissues were routinely embedded in paraffin, sectioned, and stained with hematoxylin and 181 
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eosin. Eosinophils were identified with a C.E.M. kit using Astra Blue/Vital New Red staining 182 

(DBS, Pleasanton, CA). For Astra Blue/Vital New Red stained slides, five 240- m2 sections in 183 

the extrabronchioles were assessed, and the eosinophils, neutrophils, lymphocytes, and 184 

macrophages counted were averaged per lung of each mouse. Immunohistochemical detection of 185 

SARS-CoV antigens was performed on paraffin-embedded sections, as previously described (19). 186 

 187 

Isolation of CD11b positive (CD11b+) lung cells  188 

Whole lungs were collected from mice 1 day after challenge with F-musX, and their 189 

CD11b+ cells were isolated by a modification of previous protocols (21). Briefly, mice were 190 

euthanized under excess anesthesia and the lungs were perfused via the left ventricle with 20 ml 191 

of PBS containing 10 U/ml of heparin (Novo Nordisk Pharma Ltd., Novo Alle, Denmark) to 192 

remove RBCs. The lungs were removed aseptically, cut into 1 mm pieces, and incubated in 193 

HEPES buffer containing collagenase D (2 mg/ml; Roche Applied Science, Mannheim, 194 

Germany) and bovine pancreatic deoxyribonuclease I (40 U/ml; Sigma-Aldrich) for 30 to 45 min 195 

at 37°C. Single cell suspensions were prepared by gently pushing the tissue through a 70 m 196 

nylon screen, followed by washing and centrifugation at 2000 rpm. To isolate CD11b+ cells, the 197 
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single cell suspensions were washed with PBS containing 0.5% FBS (PBS-FBS), counted, and 198 

incubated at the appropriate ratio with MACS CD11b microbeads (Miltenyi Biotec, Auburn, CA) 199 

for 15 min at 4°C. After washing again with 10 ml of PBS-FBS, the cells were diluted in 3 ml of 200 

PBS-FBS. Finally, the CD11b+ cells were separated by passing the antibody-coated cell 201 

suspension over an MS-positive selection column on a SuperMACS magnetic cell separator 202 

(Milteni Biotec). CD11b+ cells were collected by removing the column from the magnetic field 203 

and then flushing it with PBS-FBS. Purity was checked by flow cytometry. To confirm the 204 

morphology of the obtained cells, around 1 x 105 cells in 100 l of PBS-FBS were centrifuged at 205 

1000 rpm for 10 min onto glass slides using a Shandon cytocentrifuge (Thermo Fisher Scientific 206 

Inc., Waltham, MA). These cells were stained with Giemsa and analyzed by microscopy. 207 

 208 

Flow cytometry analysis 209 

The lung CD11b+ cells were washed with PBS-FBS. After blocking Fc receptors by 210 

incubating 1 g of anti-mouse CD16/CD32 MAb (BD Pharmingen, San Jose, CA) per 106 cells 211 

for 20 min on ice, the cells were stained for 30 min on ice with allophycocyanin 212 

(APC)-conjugated anti-mouse CD11b (BioLegend Inc., San Diego, CA). The cells were washed 213 
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twice in PBS-FBS and fixed with 2% paraformaldehyde. Flow cytometry was performed on a 214 

FACS Canto II (Becton Dickinson, San Diego, CA), with the data analyzed using FlowJo 215 

software 8.7.1 (Treestar, Ashland, OR). 216 

 217 

Microarray analysis 218 

Microarray analysis was performed using left lung lobe tissue samples and CD11b+ cells in 219 

the lung, as described (22). Briefly, total RNA was extracted using an RNeasy® mini kit (Qiagen, 220 

Hilden, Germany), according to the manufacturer's instructions. RNA concentrations were 221 

measured with a ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). The 222 

quality of the RNA samples was assessed spectroscopically and the quality of the intact RNA 223 

was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA). 224 

RNA samples with the highest RNA integrity number, of more than 7, as determined by the 225 

Bioanalyzer were used for microarray analysis. Two hundred micrograms (lung tissue) or 25 g 226 

(CD11b+ cells) of total RNAs was used for amplification and labeled using a Low RNA Input 227 

Linear Amplification Kit (Agilent). 228 
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Individual cRNA samples were fragmented by incubation with fragmentation buffer and 229 

blocking agent at 60°C for 30 min (Gene Expression Hybridization Kit; (Agilent). These RNA 230 

samples were hybridized at 65°C for 17 h at 10 rounds per min to SurePrint G3 Mouse GE 231 

8x60K Microarray (Agilent). Controls consisted of RNA samples from mice injected with PBS, 232 

applied in duplicate to the slides; single samples were applied for all other RNA samples. The 233 

microarray slides were washed with wash solutions 1 and 2 (Agilent), and acetonitrile (Wako, 234 

Osaka, Japan). The slides were scanned with a DNA microarray scanner (Agilent), the images 235 

were analyzed using Feature Extraction software (Agilent), and the data files were automatically 236 

exported. Data mining was performed with GeneSpring GX 12.1 (Agilent). Briefly, the text file 237 

exported by Feature Extraction software was imported into GeneSpring. The raw data were 238 

normalized per chip to the 75th percentile expression level and per gene to the median expression 239 

intensity of all samples. The samples of lung tissue were classified into four groups based on the 240 

treatment regimen: six mice each were immunized with UV-V, UV-V+TLR, and HKU39849, 241 

and three mice each were injected with PBS, yielding a total of six microarrays because the PBS 242 

samples were run in duplicate. CD11b+ cell samples were classified into four groups based on 243 

the treatment regimen: six mice each were infected with F-musX and immunized with UV-V or 244 
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UV-V+TLR, and six mice each were mock infected and immunized with UV-V or UV-V+TLR. 245 

Since the differences in individual gene expression within each group were small, all data are 246 

presented as the mean per group. Significant differences in gene expression between the UV-V 247 

and UV-V+TLR groups was assessed using one-way ANOVA, followed by Tukey’s honestly 248 

significant difference post-hoc test and Benjamini-Hochberg correction test, with p values  0.05 249 

considered statistically significant, and further filtered by 2-fold expression. Genes that met 250 

these criteria were characterized using Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, 251 

Redwood City, CA) function annotations. All microarray slide hybridizations were performed 252 

using mouse oligonucleotide arrays (G4852A; Agilent). The microarray results have been 253 

deposited in Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/projects/geo/) and 254 

assigned accession numbers GSE44274 (lung tissue) and GSE50855 (CD11b + cells isolated 255 

from lung). 256 

 257 

Statistical analysis. 258 
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Inter-group comparisons were performed by one-way ANOVA followed by Turkey's 259 

post-hoc test using GraphPad Prism 5 (GraphPad Software Inc., CA). P values less than 0.05 260 

were considered statistically significant. 261 

 262 

Results 263 

Immunization with UV-V induces eosinophilic infiltrations in the lungs of adult mice after 264 

SARS-CoV challenge. 265 

To confirm an induction of eosinophilic immunopathology by immunization with UV-V in 266 

the adult mouse model (19), 11 mice per group were immunized with the vaccine and challenged 267 

10 days after boosting with the live virus. All of the control mice, injected with PBS and Alum 268 

(PBS+Alum), died of acute respiratory illness within 5 days after infection with the live virus 269 

(Fig. 1A). By contrast, UV-V+Alum-immunized mice showed mild illness, such as hunching, 270 

ruffled fur, and body weight loss, within 3 days of infection, and then recovered by day 5 (Fig. 271 

1A). UV-V-immunized mice showed various levels of body weight loss and respiratory illness 272 

upon the virus challenge. One mouse immunized with UV-V and one immunized with 273 

UV-V+Alum died on day 5. Virus titers in the lungs on day 3 did not differ significantly among 274 
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UV-V-immunized, UV-V+Alum-immunized, and PBS+Alum-injected mice (n = 3 each) (Fig. 275 

1B). By contrast, virus titers in lung wash fluid on day 3 were significantly lower in 276 

UV-V+Alum-immunized than in PBS+Alum-injected mice. On the day before challenge with 277 

live virus, the serum titers of neutralizing antibodies were significantly higher in UV-V+Alum- 278 

than in UV-V-immunized mice (n = 11 each) (Fig. 1C), but did not differ significantly after 279 

challenge. The PBS+Alum-injected mice did not show seroconversion against SARS-CoV after 280 

challenge. Microscopic analysis of the lung sections of mice at 3 days after infection showed a 281 

high level of eosinophil infiltration around the bronchi in UV-V- and UV-V+Alum-immunized 282 

mice (Fig.1D), whereas lymphocytes, macrophages and a few neutrophils had infiltrated into the 283 

lungs of PBS+Alum-injected mice (Fig. 1D). Eosinophil infiltration was severe on day 10 than on 284 

day 3 in UV-V- and UV-V+Alum-immunized mice. Histopathologically, both UV-V- and 285 

UV-V+Alum-immunized mice showed infiltration of inflammatory cells, including eosinophils, 286 

surrounding the bronchi and blood vessels on day 3 (n= 3 each) (Fig. 1E), consistent with 287 

previous results (13). We also investigated the lung pathology of the mice that died by day 5. 288 

Surprisingly, the lungs of both the UV-V- and UV-V+Alum-immunized mice showed high 289 

eosinophilic infiltration into areas surrounding the bronchi and blood vessels and severe 290 
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inflammatory infiltrations in the alveoli (Fig. 2). Immunohistochemical analysis showed that a 291 

few SARS-CoV antigen-positive cells were present in the bronchiolar epithelial cells and alveolar 292 

cells of the dead UV-V-immunized mouse, but were not present in cells of the dead 293 

UV-V+Alum-immunized mouse (Fig. 2). Although the virus neutralization titers in the sera on 294 

the day prior to virus challenge were 1:4 and 1:128 in the UV-V- and UV-V+Alum-immunized 295 

mice, respectively, they were unable to survive following SARS-CoV infection. By contrast, 296 

PBS+Alum-injected mice showed severe pulmonary edema, congestion, and hemorrhage, with 297 

many viral antigen-positive cells in the alveoli 5 days after challenge. We considered that the 298 

severe respiratory illness in the dead UV-V- and UV-V+Alum-immunized mice was caused by 299 

an exacerbation of pulmonary inflammatory reactions due to UV-V acting as an inactivated RSV 300 

vaccine (18). The excess pulmonary eosinophilic infiltration possibly resulted from host immune 301 

responses rather than from a direct cytopathic effect caused by SARS-CoV replication. 302 

Considering the excess eosinophilic immunopathology following SARS-CoV infection in 303 

mice immunized with inactivated virus, we examined whether the natural course of immune 304 

response elicited after non-lethal SARS-CoV infection resulted in excess eosinophil infiltration in 305 

the lung of the re-infected mice. Mice were infected with the HKU39849 isolate, which induces 306 
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non-lethal infection of both young and adult BALB/c mice, and challenged with F-musX. None 307 

of the HKU39849-inoculated mice showed clinical illness, as assessed by the absence of ruffled 308 

fur, dyspnea, and weight loss, and all survived after F-musX challenge (Fig. 3A). Virus titers in 309 

the lungs of control mice were high on day 3 (108
 TCID50/g), although titers in the lungs and lung 310 

wash fluids of HKU39849-inoculated mice on days 3 and 10 after challenge were below the limit 311 

of detection (Fig. 3B). Virus neutralization titers in the sera on the day prior to virus challenge 312 

were higher than 1:16 (Fig. 3C). Histopathologically, the lungs of HKU39849-inoculated mice 313 

showed mild perivascular and peribronchiolar mononuclear cell infiltration on days 3 and 10 after 314 

the challenge (Fig. 3D, E). Most of these infiltrating cells were lymphocytes, with no eosinophils, 315 

and there were no cells positive for viral antigens in the lungs. By contrast, MEM-treated control 316 

mice showed severe respiratory illness and weight loss after F-musX infection, and succumbed to 317 

infection within 5 days (Fig. 3A). The lung pathology of these control mice was similar to that of 318 

PBS+Alum-injected mice following challenge with SARS-CoV (data not shown). Thus 319 

inoculation with HKU39849, mimicking immunization with attenuated live vaccine, provided a 320 

high level of protective immunity against SARS-CoV infection and elicited mild lymphocytic, 321 

but not eosinophil infiltration, in the lung after reinfection with F-musX. 322 
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 323 

Immunization with UV-V plus TLR agonists inhibits skewing to a Th2 response and high 324 

eosinophilic infiltration into the lungs of adult mice after challenge infection. 325 

We hypothesized that the excess pulmonary eosinophilic infiltration observed in mice 326 

immunized with UV-V was due to poor Toll-like receptor (TLR) stimulation as shown in FI-RSV 327 

vaccination (18). TLR agonists were used to induce host immune responses, especially innate 328 

immune responses, to virus infection (23, 24). Recognition by TLRs induces innate immune 329 

responses and eventually leads to activation of antigen-specific immunity (23). In addition, 330 

inactivated RSV vaccine-induced pulmonary disease was resolved by the addition of TLR 331 

agonists in an RSV mouse model (18). Therefore, we investigated the effect of TLR agonists as 332 

an adjuvant during immunization with UV-V. Within 3 days of challenge infection, 333 

UV-V+TLR-immunized mice developed a clinical illness, characterized by weight loss, hunching, 334 

and ruffled fur, but recovered by day 4 (Fig. 4A). By day 10, the body weight of all mice had 335 

recovered to that before immunization, and no mice had died (Fig. 4B). The survival rates, weight 336 

loss and clinical illness of UV-V- and UV-V+TLR-immunized mice did not differ significantly. 337 

Viral titers in lung wash fluid, but not in the lungs, were significantly lower in 338 
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UV-V+TLR-immunized mice than in PBS-injected mice on day 3 p.i. (Fig. 4C). Both UV-V- and 339 

UV-V+TLR-immunized mice showed seroconversion against SARS-CoV after the booster 340 

injection, with the titers of neutralizing antibodies on day 10 tending to be higher in UV-V+TLR- 341 

than in UV-V-immunized mice (Fig. 4D). Interestingly, slight eosinophilic infiltration was 342 

observed in the lungs of UV-V+TLR-immunized mice on day 3, but not on day 10 (Fig. 4E). On 343 

day 10, lymphocytes were the primary infiltrating cells around vessels in the lungs of these mice. 344 

The numbers of eosinophils in the lungs were significantly lower in UV-V+TLR- than in 345 

UV-V-immunized mice (Fig. 4F). Cytokine and chemokine responses were assessed in lung 346 

homogenates of UV-V- and UV-V+TLR-immunized mice on days 3 and 10. The levels of the 347 

Th2-related inflammatory cytokines IL-4 and IL-13 and the eosinophil-related chemokine eotaxin 348 

(CCL11) were lower in UV-V+TLR- than in UV-V-immunized mice on days 3 and 10 (Fig. 5). 349 

By contrast, the levels of IP-10 (CXCL10) and KC (CXCL1) tended to be higher in UV-V+TLR- 350 

than in UV-V-immunized mice on day 3. There were no significant differences among UV-V-, 351 

UV-V+TLR-immunized, and PBS+Alum-injected mice in the levels of other proinflammatory 352 

cytokines and chemokines, including GM-CSF, IFN- , IL-12p70, IL-1b, IL-2, IL-5, IL-6, IL-7, 353 

MCP-1, MIP-1 , RANTES, and TNF- . These results indicate that TLR agonists are potent 354 
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adjuvants that inhibit the skewing of immune responses towards Th2 responses and block the 355 

enhanced eosinophilic infiltration into the lungs that occurs after SARS-CoV infection.  356 

 357 

Immunization with UV-V plus TLR agonists induces IFN-β gene expression in the lungs 358 

after challenge 359 

Stimulation of TLRs-3, -4, and -7 by TLR agonists induces type I IFNs, with the induction of 360 

these type I IFNs being the most immediate antiviral host response to many viral infections (25). 361 

To confirm the effect due to poly(I:C) injection before challenge in UV-V+TLR-immunized mice, 362 

we employed quantitative real-time RT-PCR to assess mRNA expression levels in UV-V- and 363 

UV-V+TLR-immunized mice (n = 6) 1 day after challenge. The amount of IFN- 4 mRNA did 364 

not differ significantly in the lung tissues of UV-V- and UV-V+TLR-immunized mice. Although 365 

IFN-  gene expression in the lungs was significantly higher in UV-V+TLR- than in 366 

UV-V-immunized mice on day 1 (Fig. 6A), the viral copy number in the lungs of these mice did 367 

not differ significantly (Fig. 6B). In addition, ELISA assays showed that IFN  and  in the sera 368 

and lungs of UV-V- and UV-V+TLR- and PBS-infected mice were below the limits of detection 3 369 

and 10 days after challenge. 370 
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 371 

Presence of eosinophil infiltration in the lungs after both short and long interval 372 

UV-V-immunization in response to virus challenge. 373 

A second vaccine experiment was performed to evaluate the long-term antiviral efficacy of 374 

UV-V+TLR. Fourteen mice per group were immunized with UV-V and UV-V+TLR and boosted 375 

6 weeks later. Four weeks after boosting, the mice were intranasally challenged with F-musX. 376 

Both UV-V- and UV-V+TLR-immunized mice showed slight illness and mild loss of body 377 

weight, but recovered by day 6 (Fig. 7A). Virus titers in the lungs and lung wash fluid on day 3 378 

were below the limit of detection in both UV-V- and UV-V+TLR-immunized mice (Fig. 7B). 379 

One day before challenge, the serum titers of neutralizing antibodies were higher in both sets of 380 

immunized mice when compared with the previous experiment in Figure 4 (Fig. 7C). 381 

Microscopic analysis of the lung sections of UV-V-immunized mice 3 days after challenge 382 

showed eosinophil infiltration surrounding the bronchi and blood vessels (Fig. 7E), but the 383 

number was lower in these mice than in the mice challenged in Figure 4 (Fig. 7D). Eosinophil 384 

infiltration in the lung was lower on day 10 than on day 3 in UV-immunized mice. After long 385 

intervals, the UV-V and UV-V+TLR immunized mice seroconverted to produce sufficient 386 
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neutralizing antibody against SARS-CoV infection. However, both short and long interval 387 

UV-V-immunization caused eosinophil infiltration in the lungs after challenge. 388 

 389 

UV-V-immunized mice showed high expression of genes related to Th2 responses in the 390 

lungs after challenge. 391 

To better understand the biological pathways by which UV-V-induced pulmonary eosinophilia 392 

occurs, we examined global transcriptional changes in mouse lungs. Gene expression profiling 393 

was performed using total RNAs from the lungs of mice immunized with UV-V, UV-V+TLR, 394 

PBS (as a mock vaccination), or HKU39849 (mimicking live attenuated vaccine) 1 day after 395 

F-musX inoculation. A total of 242 genes were differentially regulated between UV-V- and 396 

UV-V+TLR-immunized mice. These data are plotted as a heat map, in which each entry 397 

represents a gene expression value (Fig. 8A). The data for PBS-injected and 398 

HKU39849-inoculated mice were also plotted on a heat map. UV-V- and 399 

UV-V+TLR-immunized mice elicited different patterns of gene expression associated with 400 

immune responses after SARS-CoV infection. Two trends were observed on the heat maps. 242 401 

genes showed changes in expression level, with 107 genes up-regulated and 135 genes 402 
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down-regulated in UV-V-immunized mice. Gene ontology analysis revealed that genes involved 403 

in the function, proliferation, differentiation, activation and maturation of immune cells were 404 

expressed similarly, whereas genes associated with chemotaxis, eosinophil migration, 405 

eosinophilia, cell movement, and the polarization of Th2 cells were up-regulated in 406 

UV-V-immunized mice (Table 1 and Supplementary Table 1) but down-regulated in 407 

UV-V+TLR-immunized mice. Genes up-regulated in UV-V+TLR-immunized mice included 408 

those associated with signaling of the proinflammatory cytokines TNF- 1 and 2, both of which 409 

are regulated by TLRs, including TLR3 and TLR4 (Fig. 9). To assess the interconnection 410 

between genes during the host response to virus infection after UV-V immunization, a functional 411 

analysis approach was used to construct a graphic network of biologically related genes derived 412 

from IPA. This network was constructed by including the 242 genes differentially regulated 413 

between UV-V- and UV-V+TLR-immunized mice. Interestingly, this analysis yielded only one 414 

network, consisting of 39 of the 242 genes. The gene encoding IL-4 is at the center of this 415 

network (Fig. 8B). Network analysis revealed that differential gene regulation occurred 416 

independently, including the up-regulation of the Th2-related chemokine thymus and 417 

activation-regulated chemokine (also called CCL17), eotaxin-2 (CCL24), and IL-4 in 418 
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UV-V-immunized mice. The expression of the IL-4 and CCL24 genes was especially higher in 419 

the lungs of UV-V- than of UV-V+TLR-immunized mice. These genes are associated with a 420 

network involving attraction, chemotaxis, accumulation, and stimulation of eosinophils. In 421 

addition, CCL17 and IL-4 are also associated with Th2 cell movement, homing, polarization and 422 

arrest of proliferation. Most genes associated with “inflammation of the lungs” were unchanged 423 

or down-regulated in UV-V- compared with UV-V+TLR-immunized mice, including Actin, beta 424 

(ACTB), cathelicidin antimicrobial peptide (CAMP), coagulation factor X enzyme (F10), 425 

inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase epsilon (IKBKE), 426 

interleukin 15 receptor alpha (IL-15RA) , IL-4, plasminogen activator, tissue (PLAT), spleen 427 

focus forming virus proviral integration oncogene (SPI1), and TRAF family member-associated 428 

NF B activator (TANK) (Fig. 8B). Thus, both mRNA and protein assays for host immune 429 

responses revealed that the expression of genes related to Th2 responses, especially IL-4, had a 430 

key role in the excess eosinophilic immunopathology observed in the lungs of UV-V-immunized 431 

mice after subsequent SARS-CoV infection. Such unwanted side effects could be avoided by 432 

adding TLR antagonists as an adjuvant. 433 

 434 
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CD11b+ cells in the lungs of UV-V-immunized mice show up-regulation of genes associated 435 

with induction of eosinophils after challenge.  436 

In addition, gene expression analysis was analyzed in CD11b+ cells, including macrophages, 437 

lymphocytes and granulocytes, which express TLRs (26, 27). The purity of CD11b+ 438 

cell-populations was confirmed by flow cytometry after magnetic bead separation and was 439 

typically greater than 94% (Figure 10A and D). Microscopic examination revealed that most of 440 

the sorted CD11b+ cells were mononuclear small and large cells, but also included polynuclear 441 

cells (Figure 10B and E). A comparison of the gene expression profiles of CD11b+ cells from 442 

UV-V- and UV-V+TLR-immunized mice showed that a total of 434 genes were differentially 443 

regulated. To dissect the temporal behavior of key players involved in TLR signaling in more 444 

detail, our data were analyzed using the IPA. Upstream Regulator Analysis showed that certain 445 

genes were upstream regulators, including TLR3, TLR4, and polyI:C (Supplementary Table 2). 446 

To better understand the relationships of these genes, pathway networks were built. Although 447 

many networks could be constructed, we limited our investigation to the networks associated 448 

with the TLR 3, 4, and 7 signaling pathways in order to understand the effect of treatment with 449 

TLR agonists on CD11b+ cells. The network of differentially expressed genes related to TLR3, 450 
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TLR4, and polyI:C is shown in Figure 10 C and F; a network for TLR7 could not be built from 451 

these data. The network involving TLR3, TLR4, and polyI:C consisted of 37 genes, many of 452 

which were associated with cellular movement, hematological system development and function, 453 

immune cell trafficking, inflammatory response, and infectious disease. There was no difference 454 

in gene expression in UV-V-immunized and UV-V+TLR-immunized mice following mock 455 

infection. The levels of expression of genes encoding solute carrier family 5, member 5 456 

(SLC5A5), interferon regulatory factor 1 (IRF1), interferon gamma-induced GTPase (Igtp), 457 

immunity-related GTPase family M member 2 (Irgm2), interferon inducible GTPase 1 (Iigp1), 458 

chemokine (C-X-C motif) ligand 9 (CXCL9), CD40, guanylate binding protein 4 (GBP4), and 459 

guanylate binding protein 2 (GBP2) were especially higher in CD11b+ cells from UV-V+TLR- 460 

than from UV-V-immunized mice. These genes were associated with cellular movement, 461 

recruitment of leukocytes, and maturation of antigen presenting cells. In contrast, CD11b+ cells 462 

from UV-V-immunized mice showed much more robust regulation of genes in this network than 463 

cells from UV-V+TLR-immunized mice. However, several of these genes, including those 464 

encoding CXCL2, plasminogen activator receptor (PLAUR), lactotransferrin (LTF), 465 

TNF-inducible gene 6 protein (TNFAIP6), CXCL9, and polyI:C RNA, have also been implicated 466 



 31

in eosinophil migration and eosinophilia of the airways. IPA analysis revealed that these genes 467 

were also up-regulated in CD11b+ cells from the lungs of UV-V-immunized mice. 468 

  469 

Discussion 470 

This study describes vaccine immunization, both with attenuated live and inactivated 471 

vaccines, and virus challenge using adult BALB/c mice and mouse-passaged SARS-CoV. This 472 

model is useful in the evaluation of efficacies and side effects of vaccine candidates. Several 473 

strategies have been considered for vaccination against SARS-CoV (reviewed in 28). Spike 474 

protein, but not envelope, membrane, or N proteins, protects vaccinated animals from 475 

SARS-CoV infection by inducing neutralizing antibodies (29-31) and strong cellular immunity. 476 

Antibodies detected in the sera of patients infected with SARS-CoV were directed against at least 477 

eight different proteins and bound to viral membranes (32). These findings indicate that multiple 478 

epitopes and proteins may be targets of protective antibodies. Although vaccination with 479 

attenuated viruses are more efficacious than those with inactivated viruses due to their persistence 480 

in the host, attenuated viruses carry the risk of reversion of virulence or recombination repair (33). 481 

Due to safety concerns, it is often difficult to gain regulatory approval of attenuated vaccines 482 
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without strong proof that the threat of disease is sufficient to warrant their use. This threshold has 483 

not yet been met for SARS, although some interesting attenuated mutants have been developed 484 

(34-36). By contrast, inactivated vaccines do not carry risks of mutating and reverting back to 485 

their virulent forms. UV-V virions have been successful due to large-scale production, the 486 

presentation of multiple epitopes, and the generation of high levels of humoral immunity in 487 

young BALB/c mice injected subcutaneously (37). However, SARS-CoV challenge has not been 488 

tested in more vulnerable animals.  489 

In this study, we successfully evaluated the efficacy of UV-inactivated whole virion 490 

immunization in a lethal adult mouse model of SARS-CoV infection. Adult BALB/c mice 491 

immunized with UV-V failed to inhibit viral infection and replication within the lungs on day 3. 492 

This was one cause of death after subsequent SARS-CoV infection and of enhanced lung 493 

immunopathology characterized by increased infiltration by eosinophils. These findings are 494 

consistent with studies of vaccine formulations incorporating SARS-CoV N protein and also 495 

SARS-CoV doubly inactivated with formalin and UV irradiation (11-14). An excessive host 496 

immune response against the N protein of SARS-CoV enhances eosinophilic infiltration into the 497 

lungs, resulting in a failure to inhibit viral replication, and skewing the immune response toward 498 
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Th2 responses (11-14). Similar lung pathology has also been observed in humans vaccinated with 499 

FI-RSV followed by RSV infection (38, 39), with the Th2-skewed cytokine profile also a 500 

hallmark of RSV vaccine-enhanced disease (40). The Th2-skewed cytokine profile is shown to be 501 

reduced only when the functions of IL-4 and IL-13, both Th2 cytokines, are blocked in 502 

FI-RSV-immunized mice (41, 42), indicating that both IL-4 and IL-13 promote the development 503 

of pulmonary eosinophilia upon RSV challenge of FI-RSV-immunized mice. High levels of Th2 504 

cytokines, including IL-4 and IL-13, and the up-regulation of genes associated with Th2 cell 505 

migration were observed in the lungs of UV-V-immunized mice, suggesting that the 506 

UV-V-specific immune response occurs in a manner similar to that of the FI-RSV vaccine. 507 

Furthermore, a few UV-V-immunized mice were unable to produce protective neutralizing 508 

antibodies and died on day 5 after challenge, showing severe inflammation including high 509 

eosinophilia in the lungs. Interestingly, a UV-V+Alum-immunized mouse produced high titers of 510 

neutralizing antibodies in serum but died of eosinophilic pneumonia in this study. Vaccination 511 

with UV-inactivated virions of other viruses may carry a potential for dangerous clinical 512 

complications, similar to those observed for inactivated RSV vaccine. Pulmonary eosinophilia is 513 

a hallmark of an aberrant hypersensitivity response to FI-RSV (43). A recent study using 514 
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eosinophil-deficient mice found that eosinophils did not contribute to RSV vaccine-enhanced 515 

pulmonary disease (44). By contrast, another study using mouse pneumonia virus, resulting in 516 

severe RSV, found that eosinophils did not promote virus clearance (45). The mechanism of 517 

vaccine-induced eosinophilia has not been determined, with no consensus as to whether 518 

eosinophils potentially contribute to protection or enhance lung immunopathology subsequent to 519 

respiratory infection. 520 

Vaccine failure in RSV enhanced respiratory disease was thought to be due to formalin 521 

disruption of protective antigens. However, this lack of protection was not due to 522 

formalin-induced alterations but to low antibody avidity for protective epitopes resulting from 523 

poor TLR stimulation (18). To mimic live attenuated vaccine, mice were inoculated with 524 

HKU39849, that completely protected them from subsequent SARS-CoV infection. Moreover, 525 

these mice did not display enhanced eosinophilic infiltration in the lungs. In addition, all 526 

mock-vaccinated mice died but did not show evidence of eosinophilia. TLRs are critical to 527 

sensing invading microorganisms. Pathogen recognition by TLRs provokes the rapid activation 528 

of innate immunity, leading to effective adaptive immunity (23). Despite the protective effects of 529 

TLRs upon infection, faulty TLR signaling is increasingly implicated in the pathogenesis of 530 
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allergic diseases (46, 47). We hypothesized that vaccination with UV-V was unable to generate 531 

effective immunity against SARS-CoV infection because of poor TLR stimulation, which may be 532 

enough when SARS-CoV natural infection occurs. In fact, immunizing mice with UV-V, 533 

together with the TLR agonists, poly(I:C) (a TLR3 agonist), LPS (a TLR4 agonist) and polyU (a 534 

TLR7 agonist), as an adjuvant, produced effective antibodies and inhibited excess eosinophilic 535 

immunopathology. The innate immunomodulatory activity in response to live and inactivated 536 

SARS-CoV is not well understood. However, mouse models of related CoV infection have 537 

suggested protective roles for TLR4 (48) and myeloid differentiation factor 88 (MyD88) (49), 538 

whereas TLR3 and TLR7 may be important for viral clearance through the production of type I 539 

IFN (50, 51).  540 

Intranasal injection of the TLR agonist poly (I:C) into aged mice provided a high level of 541 

protection against SARS-CoV infection (51). Indeed, higher IFN-  gene expression on day 1 p.i. 542 

was seen in the lungs of UV-V+TLR- than in those of UV-V-immunized mice. UV-V+TLR, but 543 

not UV-V, immunization primed the cells that expressed IFN-  after SARS-CoV infection. IFN-  544 

was induced directly after sendai virus infection in a murine model, leading to the expression of 545 

IFN-  genes (52). Although viral copy numbers in the lungs were similar in both groups 1 day 546 
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after challenge, viral titers differed significantly in the lung wash fluid of UV-V+TLR- and 547 

PBS-injected mice on day 3. Virus excretion into the lungs of UV-V+TLR-immunized mice on 548 

day 3 may be inhibited by IFN-  gene expression. The type I IFNs not only play an important 549 

role in the innate immune response but also enhance Th1-type responses (53). Higher IFN-  gene 550 

expression in UV-V+TLR-immunized mice may therefore contribute to the production of Th1 551 

cytokines after viral infection. To assess the efficacy of vaccination the mice, we demonstrated 552 

both short and long interval UV-V-immunization on virus challenge. The titer of neutralizing 553 

antibodies was higher after a longer period of time, and these antibodies were sufficiently 554 

protective against SARS-CoV infection. However, eosinophil infiltration in the lungs occurred in 555 

the UV-V-immunized mice. 556 

Mice immunized with inactivated RSV plus TLR agonists produced mature antibodies 557 

following TLR stimulation, preventing enhanced respiratory disease (18). These findings suggest 558 

that TLR stimulation during immunization with UV-V plays a key role in reducing eosinophil 559 

infiltration into the lungs, with strong TLR stimulation by TLR agonists shifting the host immune 560 

response in the lungs from Th2 to Th1. In line with this, our microarray analysis showed that 561 

several genes downstream of TLR3 and TLR4 signaling were markedly up-regulated in 562 
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UV-V+TLR- compared with UV-V-immunized mice on day 1 after subsequent SARS-CoV 563 

infection. Furthermore, IPA analysis of CD11b+ cells isolated from the lungs of 564 

UV-V+TLR-immunized mice showed up-regulation of genes associated with cellular movement 565 

and maturation of antigen-presenting cells in the TLR3 and TLR4 signaling pathways. This 566 

finding indicated that UV-V+TLR, but not UV-V, immunization may prime effective innate 567 

immune responses against SARS-CoV infection in mice due to the intensity of TLR stimulation. 568 

To our knowledge, this is the first study to show that vaccination with UV-inactivated whole 569 

virions plus TLR agonists provides protection against SARS-CoV infection without strong Th2 570 

skewing; TLR stimulation reduced the high level of eosinophilic infiltration that occurred in the 571 

lungs of mice immunized with UV-V. TLR agonists are approved for human use (54), and 572 

several are currently in preclinical development for use as vaccine adjuvants (55). Further studies 573 

regarding the association of TLR stimulation with protective immunity to SARS-CoV infection, 574 

the indication that eosinophils contribute to the negative sequelae of disease, and the mechanisms 575 

of eosinophil recruitment to lung tissue are required. 576 

 577 
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Table 1  Top 5 of biological function categories by IPA in early response of mice immunized 772 
with UV-V and UV-V+TLR subsequently challenged with SARS-CoV. 773 
 774 

 Functions Annotation P-value 

UV-V Eosinophil 7E-5 – 2E-2 

 
Function, proliferation, differentiation, 

activation and maturation of immune cells 6E-5 – 3E-2 

 Th2 6E-5 – 1E-2 

 Cell movement of immune cells 5E-5 – 3E-2 

 Responses to pathogen 3E 5 – 3E-2 

UV-V+TLR Cell movement of immune cells 8E-6 – 3E-3 

 
Function, proliferation, differentiation, 

activation and maturation of immune cells 6E-5 – 3E-2 

 Eosinophil 2E-2 – 1E-2 

 Responses to pathogen 1E-4 – 2E-2 

 Th2 - 
 775 

 776 

 777 

 778 

 779 
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Table 2  Primers and probes for quantitative real-time RT-PCR 780 

Target Sequences 

IFN- 4  

Forward CAACTCTACTAGACTCATTCTGCAAT 

Reverse AGAGGAGGTTCCTGCATCACA 

Probe ACCTCCATCAGCAGCTCAATGACCTCAAA 

IFN-   

Forward GCTCCTGGAGCAGCTGAATG 

Reverse TCCGTCATCTCCATAGGGATCT 

Probe TCAACCTCACCTACAGGGCGGACTTC 

SARS-CoV N gene 

(Reference 56) 

 

Forward AGGAACTGGCCCAGAAGCTT 

Reverse AACCCATACGATGCCTTCTTTG 

Probe ACTTCCCTACGGCGCTA 

-actin  

Forward ACGGCCAGGTCATCACTATTG 

Reverse CAAGAAGGAAGGCTGGAAAAGA 

Probe CAACGAGCGGTTCCGATGCCC 

 781 

782 
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 783 

Figure legends 784 

 785 

Figure 1. Immunization with UV-V induces eosinophilic immune pathology in adult mice 786 

after SARS-CoV challenge. Adult female BALB/c mice were vaccinated with UV-V, UV-V 787 

with Alum (UV-V+Alum), or vehicle (PBS with Alum, PBS+Alum) and subsequently challenged 788 

with 1000 TCID50 of F-musX. (A) Body weight changes following the challenge inoculation (n = 789 

5). Dead mice are marked with crosses. Error bars indicate standard deviation. Significant 790 

differences (p < 0.05, one-way ANOVA) between groups are marked with an asterisk. (B) Virus 791 

titers in the lungs and lung wash fluids on day 3 post-challenge (n = 3). The dashed line indicates 792 

the limit of detection (101.5 TCID50/ml). Error bars indicate standard deviation. Significant 793 

differences (p < 0.05, one-way ANOVA) between groups are marked with an asterisk. (C) 794 

Neutralizing serum antibody titers against SARS-CoV on days 50, 29, and 1 before challenge (n 795 

= 11), and on days 3 and 10 after challenge (n = 5–6). Serum samples were 2-fold serially diluted 796 

beginning at 1:2. Error bars indicate standard deviation. Significant differences (p < 0.05, 797 

one-way ANOVA) between groups are marked with an asterisk. (D) Numbers of lymphocytes, 798 
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macrophages, neutrophils and eosinophils in lung sections (n = 3) on day 3 after challenge. Five 799 

240-μm2 regions in the extrabronchioles of lung per mouse were examined at 40× magnification. 800 

Asterisks indicate p <0.05 by the Bonferroni test. Error bars indicate standard deviation. (E) 801 

Representative images of lung sections from UV-V- and UV+Alum-immunized mice on day 10 802 

post-challenge. Hematoxylin and eosin (magnification, 10×) and C.E.M. kit staining (inset, 803 

magnification, 100×). Br, bronchi; *, blood vessel. 804 

 805 

Figure 2. Histopathological findings in the lungs of dead mice after SARS-CoV challenge. 806 

Lungs were obtained for pathologic examination (A, C, and E) and immunohistochemical 807 

analysis of SARS-CoV virus antigens (B, D, F) from mice that died 5 days after challenge. Br, 808 

bronchi; *, blood vessel. Severe inflammatory infiltrates containing eosinophils were observed in 809 

the lungs of the UV-V-immunized mouse (A, inset). A few virus antigens were present in the 810 

bronchi (B). The UV-V+Alum-immunized mouse also showed eosinophilic inflammatory 811 

reactions, but no viral antigen-positive cells were present in the lungs (C, inset and D). 812 

Congestion, hemorrhage, and pulmonary edema with mononuclear cell infiltration were observed 813 

in the mock vaccinated mouse (PBS+Alum) (E, inset). Cells positive for viral antigen were seen 814 
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throughout the lung (F). Hematoxylin and eosin (magnification, 10×) and C.M.E kit staining 815 

(inset, magnification, 100×), a reliable and specific stain for eosinophils (A, C, and E). 816 

Immunohistochemical staining with an anti-SARS-CoV antibody (magnification, 20×, B, D, and 817 

F). 818 

 819 

Figure 3. Reinfection of SARS-CoV in aged mice. Aged mice were infected with the 820 

HKU39849 isolate or mock vaccinated (no vaccination) and subsequently infected with 1000 821 

TCID50 of F-musX. (A) Mice were weighed daily after challenge. All mock vaccinated mice died 822 

by day 5, but all reinfected mice survived. Dead mice are marked with crosses. Error bars 823 

indicate standard deviation. (B) Virus titers in the lungs and lung wash fluids 3 days after 824 

challenge (n = 3). The dashed line indicates the limit of detection (101.5 TCID50/ml). Error bars 825 

indicate standard deviation. Significant between group differences (p < 0.05 by one-way 826 

ANOVA) are marked with an asterisk. (C) Neutralizing serum antibody titers against SARS-CoV 827 

on days 0, 3, and 10 after challenge (n = 6-12). Serum samples were 2-fold serially diluted 828 

beginning at 1:2. Error bars indicate standard deviation. Significant between group differences (p 829 

< 0.05 by one-way ANOVA) are marked with an asterisk. (D) Numbers of lymphocytes, 830 
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macrophages, neutrophils, and eosinophils in lung sections (n = 3) 3 days after challenge. Five 831 

240 μm2 regions in the extrabronchioles of each mouse lung were examined at 40× magnification. 832 

Asterisks indicate p <0.05 by the Bonferroni test. Error bars indicate standard deviation. (E) 833 

Representative images of the lungs of SARS-CoV reinfected mice. Br, bronchi; *, blood vessel. 834 

Lung samples taken 3 and 10 days after infection were sectioned and stained with hematoxylin 835 

and eosin (magnification, 10×) and the C.E.M. kit (inset, magnification, 100×). 836 

 837 

Figure 4. Immunization with UV-V and TLR agonists inhibits excessive eosinophilic 838 

infiltration after SARS-CoV challenge. Adult female BALB/c mice were vaccinated with 839 

UV-V, UV-V with TLR agonists (UV-V+TLR), or vehicle (PBS) and subsequently challenged 840 

with 1000 TCID50 of F-musX. Dead mice are marked with crosses. (A and B) Mice were 841 

weighed daily and monitored for morbidity (n = 6–7). (C) SARS-CoV titers in the lungs and lung 842 

wash fluids 3 days after intranasal challenge with SARS-CoV (n = 4). Significant differences (p < 843 

0.05, one-way ANOVA) between groups are marked with an asterisk. The dashed line indicates 844 

the limit of detection (101.5 TCID50/ml). Error bars indicate standard deviation. (D) 845 

SARS-CoV-specific neutralizing serum antibody titers 52, 10, and 0 days before challenge (n = 846 
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13–14) and 3 and 10 days after challenge with SARS-CoV (n = 6-7, respectively). Serum 847 

samples were 2-fold serially diluted beginning at 1:2. Error bars indicate standard deviation. (E) 848 

Representative images of lung sections from mice immunized with UV-V, UV-V+LPS, or 849 

UV-V+TLR on days 3 and 10 after challenge with F-musX. Hematoxylin and eosin 850 

(magnification, x10) and C.E.M. kit staining (inset, magnification, 100×). Br, bronchi; *, blood 851 

vessel. (F) Numbers of lymphocytes, macrophages, neutrophils and eosinophils in the lung 852 

sections (n = 3). Five 240-μm2 regions in the extrabronchioles of lung per mouse were examined 853 

at 40× magnification. Asterisks indicate p <0.05 by the Bonferroni test. Error bars indicate 854 

standard deviation. 855 

 856 

Figure 5. Cytokine and chemokine protein concentrations in lung homogenates of mice 857 

immunized with UV-V and challenged with SARS-CoV. 858 

The concentrations of cytokines and chemokines in lung homogenates were determined on days 3 859 

and 10 after challenge (n = 4). Asterisks indicate significant differences (P < 0.05, one-way 860 

ANOVA). Error bars indicate standard deviation. 861 

 862 
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Figure 6. Type I IFN gene expression in lung homogenates of mice immunized with UV-V 863 

and challenged with SARS-CoV. (A) Type I IFN mRNA expression profiles in UV-V- and 864 

UV-V+TLR-immunized mice, and (B) amounts of viral RNA present during infection. RNA was 865 

taken from the lungs of UV-V- and UV-V+TLR-immunized mice 1 day after challenge. Type I 866 

IFN mRNAs and SARS-CoV genome (nsp11 region) were measured by quantitative real-time 867 

RT-PCR. Results are expressed as log10 fold-change compared with mock-vaccinated, challenged 868 

mice. *, P < 0.05. Error bars indicate standard deviations. 869 

 870 

Figure 7. Immunization with UV-V or UV-V+TLR induces eosinophilic immune pathology 871 

in adult mice after long-term SARS-CoV challenge. Adult female BALB/c mice were 872 

vaccinated with UV-V or UV-V+TLR or mock vaccinated (PBS), and subsequently challenged 873 

with 1000 TCID50 of F-musX. (A) Body weight changes following the challenge inoculation (n = 874 

7). Dead mice are marked with crosses. Error bars indicate the standard deviation. (B) Virus titers 875 

in the lungs and lung wash fluids on day 3 post-challenge (n = 4). The dashed line indicates the 876 

limit of detection (101.5 TCID50/ml). Error bars indicate standard deviation. Significant between 877 

group differences (p < 0.05 by one-way ANOVA) are marked with an asterisk. (C) Neutralizing 878 
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serum antibody titers against SARS-CoV 1 day before challenge (n = 14), and 3 and 10 days after 879 

challenge (n = 7 each). Serum samples were 2-fold serially diluted beginning at 1:2. Error bars 880 

indicate standard deviation. Significant between group differences (p < 0.05 by one-way 881 

ANOVA) are marked with an asterisk. (D) Numbers of lymphocytes, macrophages, neutrophils 882 

and eosinophils in lung sections (n = 3). Five 240 μm2 regions in the extrabronchioles in the 883 

lungs of each mouse were examined at 40× magnification. Asterisks indicate p < 0.05 by the 884 

Bonferroni test. Error bars indicate standard deviation. (E) Representative images of lung 885 

sections from UV-V (left panel)- and UV-V+TLR (right panel)-immunized mice 3 days after 886 

challenge. Hematoxylin and eosin (magnification, 10×) and C.E.M. kit staining (inset, 887 

magnification, 100×). Br, bronchi; *, blood vessel. 888 

 889 

Figure 8. Global gene expression profiles of mice immunized with UV-V after SARS-CoV 890 

challenge. An ANOVA was performed to assess differences among all groups. All genes with a 891 

greater than 2.0-fold change (P < 0.05) in expression, relative to the median of the unchallenged 892 

groups, are depicted. Each row represents the lungs of a group of mice (n = 3, mock 893 

immunization with PBS (PBS); n = 6, inoculation with HKU39849 isolate (HKU), UV-V (UVV) 894 
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or UV-V+TLR (UVVTLR)). The heat map shows the relative levels of expression of 305 probes 895 

(242 genes), confirmed statistically by direct comparisons between the UV-V and UV-V+TLR 896 

groups. The heat map was generated using the software GeneSpring GX 12.1. (A) Uncentered 897 

Pearson correlation was used as the distance metric with average linkage for unsupervised 898 

hierarchical clustering. In the heatmap, red represents high expression, black represents median 899 

expression, and green represents low expression. The color scale bar at the bottom indicates the 900 

relative level of expression. The sidebar on the right indicates genes that are closely related to 901 

each other. (B) A gene interaction network including 39 genes was constructed from 242 genes 902 

connected by IPA software. The solid and dotted lines indicate direct and indirect interactions, 903 

respectively. Genes shown in red were up-regulated and those shown in green were 904 

down-regulated, compared with the PBS group. The central node is IL-4, a key cytokine in 905 

inflammation associated with eosinophils. Network 1 was composed of genes associated with 906 

eosinophilia. Network 2 was composed of genes associated with “ inflammation of the lungs”. 907 

The same network is shown for UV-V- (upper panel) and UV-V+TLR-immunized (lower panel) 908 

mice. 909 

 910 
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Figure 9. A network of genes in mice immunized with UV-V after SARS-CoV challenge. 911 

Direct comparison of gene expression profiles in the lungs of UV-V- and 912 

UV-V+TLR-immunized mice. Diagram showing the TLR3 and TLR4 signaling pathways. Genes 913 

shown in red were up-regulated and those in green were down-regulated, compared with the PBS 914 

group. Several genes downstream of TLR3 and TLR4 signaling were up-regulated in 915 

UV-V+TLR- (lower panel) compared with UV-V-immunized (upper panel) mice. We overlaid 916 

gene expression data on the formed network using Ingenuity Pathway Analysis software. 917 

 918 

Figure 10. Pathway analysis of the gene-to-gene networks of TLR3, TLR4 and polyI:C in 919 

mice immunized with UV-V after SARS-CoV challenge. Direct comparison of gene 920 

expression profiles in CD11b+ cells isolated from the lungs of UV-V- and 921 

UV-V+TLR-immunized mice. (A, D) FACS analysis of enriched populations of CD11b+ lung 922 

cells in UV-V (A) and UV-V+TLR (D) immunized mice. Cells were prepared as described in the 923 

Materials and Methods. (B, E) Conventional Giemsa staining of cytospins from populations of 924 

CD11b+ lung cells in UV-V (B) and UV-V+TLR (E) immunized mice (magnification: 100x). (C, 925 

F) Diagram showing the pathways of TLR3 and TLR4 signaling. Genes shown in red were 926 
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up-regulated and those in green were down-regulated. Several genes downstream of TLR3 and 927 

TLR4 signaling were up-regulated in UV-V (C) compared with UV-V+TLR (F) immunized mice. 928 

We overlaid gene expression data on the formed network by Ingenuity Pathway Analysis 929 

software. 930 
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