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ABSTRACT 23 

The COVID-19 pandemic caused by the Severe Acute Respiratory Syndrome 24 

Coronavirus-2 (SARS-CoV-2) is the defining global health emergency of this century. 25 

GC-376 is a Mpro inhibitor with antiviral activity against SARS-CoV-2 in vitro. Using the 26 

K18-hACE2 mouse model, the in vivo antiviral efficacy of GC-376 against SARS-CoV-2 27 

was evaluated. GC-376 treatment was not toxic in K18-hACE2 mice and produced 28 

milder tissue lesions, reduced viral loads, fewer presence of viral antigen, and reduced 29 

inflammation in comparison to vehicle-treated controls, most notably in the brain in mice 30 

challenged with a low virus dose. Although GC-376 was not sufficient to improve neither 31 

clinical symptoms nor survival, it did show a positive effect against SARS-CoV-2 in vivo. 32 

This study supports the notion that the K18-hACE2 mouse model is suitable to study 33 

antiviral therapies against SARS-CoV-2, and GC-376 represents a promising lead 34 

candidate for further development to treat SARS-CoV-2 infection. 35 

(Abstract word count = 145) 36 
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INTRODUCTION 38 

 The coronavirus disease (COVID-19) pandemic caused by the Severe Acute 39 

Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is the defining global health crisis 40 

of our time reaching over 45 million cases worldwide by October 2020 1. SARS-CoV-2 41 

belongs to the Coronaviruses family, which are RNA viruses commonly associated with 42 

mild upper respiratory illness. In the past few years, novel coronaviruses have emerged 43 

from animal reservoirs crossing the species barrier causing sporadic outbreaks in 44 

humans such as SARS-CoV and the Middle Eastern Respiratory Syndrome (MERS). 45 

The current global health emergency prompted a race to develop resources to combat 46 

the pandemic. Several vaccines against SARS-CoV-2 are currently in different stages of 47 

pre-clinical or clinical evaluation 2-4. Among these, the Pfizer/BioNTech’s mRNA-based 48 

vaccine against SARS-CoV-2 has been approved for human use in the United Kingdom 49 

and awaits approval in the U.S. and other countries. Additionally, a number of viral 50 

proteins and host factors have been proposed as small molecule antiviral drug targets 51 

to combat SARS-CoV-2 infection. Among those, the viral main protease (Mpro) is one of 52 

the most extensive explored drug targets5, and a number of Mpro inhibitors are in 53 

different stages of preclinical and clinical development. GC-376 is a representative Mpro 54 

inhibitor that has shown antiviral activity against FIP CoV in experimentally infected cats 55 
6,7. The ~30kb viral genome SARS-CoV-2 genome encodes two polyproteins, pp1a and 56 

pp1ab, which must be cleaved in order to be functional and lead to active viral 57 

replication. Cleavage is mediated by the Mpro and the papain-like (PLpro) proteases 8, 58 

both potential antiviral targets. In vitro studies have shown inhibition of SARS-CoV Mpro 59 

in the presence of GC376 9. More recently, the potential antiviral activity of GC-376 60 

against SARS-CoV-2 has been demonstrated in vitro placing GC-376 as a promising 61 

antiviral candidate for treatment of SARS-CoV-2 infections  10-13. However, the antiviral 62 

activity of GC-376 against SARS-CoV-2 in vivo has not been addressed, neither have 63 

any other Mpro inhibitors that are currently in development. Therefore, to fulfil the 64 

knowledge gap and provide insights of the translational potential of Mpro inhibitors as 65 

SARS-CoV-2 antivirals, we report in this study the establishment of the SARS-CoV-2 66 

infection mouse model and the in vivo antiviral efficacy of GC-376 using this model. A 67 

roadblock for in vivo studies involving SARS-CoV-2 has been the limited information 68 
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regarding suitable animal models, although research is clearly moving fast in this 69 

particular area. SARS-CoV-2 is able to infect different animal models including 70 

hamsters, ferrets, and non-human primates. However, the severity of the disease in 71 

these models only ranges from mild to moderate, which makes it harder for the 72 

assessment of efficacy of antivirals or vaccines 14-17. A similar problem was experienced 73 

for the study of SARS-CoV-1, which was in part resolved by the development of a lethal 74 

mouse model of infection for SARS-CoV-1 by introducing the human angiotensin-75 

converting enzyme type 2 (hACE2) receptor under the control of the keratin 18 promoter 76 

(K18-hACE2). Using this model, high mortality was observed upon SARS-CoV-1 77 

infection 18-20. Since SARS-CoV-2 also utilizes the hACE2 receptor, the K18-hACE2 has 78 

been suggested as a suitable mouse model for the study of SARS-CoV-2 and recent 79 

reports show the development of clinical signs and mortality after SARS-CoV-2 80 

challenge 20,21. Thus, the K18-hACE2 mouse model was chosen to evaluate the antiviral 81 

efficacy of GC-376 upon SARS-CoV-2 infection. Two different virus challenge doses of 82 

SARS-CoV-2 were used showing clinical signs of disease and mortality that correlated 83 

with the dose administered. Modest differences in terms of clinical signs, weight loss, 84 

and survival were observed between GC-376 and vehicle mice. However, further 85 

analyses indicated that GC-376/SARS-CoV-2 challenged mice showed lower viral 86 

loads, milder tissue lesions and reduced inflammation compared to vehicle SARS-CoV-87 

2 challenged controls showing that GC-376 can act as a SARS-CoV-2 antiviral in vivo. 88 

MATERIALS AND METHODS 89 

Ethics Statement: Studies were approved by the Institutional Animal Care and Use 90 

Committee. Studies were conducted under animal biosafety level 3 containment. Animal 91 

studies and procedures were performed according to the Institutional Animal Care and 92 

Use Committee Guidebook of the Office of Laboratory Animal Welfare and PHS policy 93 

on Humane Care and of Use of Laboratory Animals. Animal studies study were carried 94 

out in compliance with the ARRIVE guidelines (https://arriveguidelines.org). Animals 95 

were humanely euthanized following guidelines approved by the American Veterinary 96 

Medical Association (AVMA).  97 
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Cells and Virus: Vero E6 Pasteur were kindly provided by Maria Pinto (Center for Virus 98 

research, University of Glasgow, Scotland, UK). Cells were maintained in Dulbecco’s 99 

Modified Eagles Medium (DMEM, Sigma-Aldrich, St Louis, MO) containing 10% fetal 100 

bovine serum (FBS, Sigma-Aldrich, St Louis, MO), 1% antibiotic/antimycotic (AB, 101 

Sigma-Aldrich, St Louis, MO) and 1% L-Glutamine (Sigma-Aldrich, St Louis, MO). Cells 102 

were cultured at 37ºC under 5% CO2. SARS-CoV-2 (Isolate USA-WA1/2020) was kindly 103 

provided by Dr. S. Mark Tompkins, Department of Infectious Diseases, University of 104 

Georgia. Viral stocks were prepared in Vero E6 Pasteur cells. Briefly, cells in a T75 105 

flask were incubated 1 h with 1 ml of viral inoculum. After incubation, the inoculum was 106 

removed and cells were cultured with DMEM containing 2% FBS, 1% AB. After 96 h, 107 

the supernatant was collected, centrifuged at 15,000 g for 15 min., aliquoted and stored 108 

at -80ºC until use. Viral stocks were titrated by tissue culture infectious dose 50 (TCID50) 109 

and virus titers were established by the Reed and Muench method 22. 110 

Chemical compounds: GC-376 (CAS: 1416992-39-6) was purchased from Enovation 111 

chemicals (Green book, NY) and dissolved in deionized water (HyClone, VWR, West 112 

Chester, PA) to the desired concentration. 113 

Mouse studies:  6-week-old female K18-hACE2 mice were purchased from Jackson 114 

laboratories (Bar Harbor, ME). Mice were randomly distributed in the number of groups 115 

(Fig 1A), anesthetized with isoflurane and challenged intranasally (i.n.) with 50 µl of 116 

either phosphate buffer saline (PBS), or 1x103 TCID50/mouse or 1x105 TCID50/mouse. 117 

At 3 h post-challenge, GC-376 (20 mg/kg/dose, 40 mg/kg daily) or vehicle (H2O) was 118 

administered to each mouse through intraperitoneal injection (i.p.) and continued for 7 119 

days, twice per day. Mice were monitored twice daily for clinical signs of disease along 120 

the entire course of the experiment. Mice that lost ≥25% of their initial body weight (a 121 

score of 3 on a 3-point scale of disease severity) were humanely euthanized.  At 2 and 122 

5 dpc, subsets mice (n=2/time point from G1 and G2 and n=3/time point from G3, G4, 123 

G5, and G6) received an overdose of isoflurane, and were humanely euthanized. 124 

Lungs, nasal turbinates (NT), spleen, liver, small intestine (SI) and brain were collected 125 

from each mouse post-mortem. Tissues were stored at -80ºC until further analysis. At 126 

14 dpc, the same procedure was performed with all the remaining animals.  127 
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Tissue sample preparations: Tissues homogenates were generated using the Tissue 128 

Lyzer II (Qiagen, Gaithersburg, MD). Briefly, 500 µl of PBS-AB was added to each 129 

sample along with Tungsten carbide 3 mm beads (Qiagen). Samples were 130 

homogenized during 10 min and then centrifuged at 15,000 g for 10 min. Supernatants 131 

were collected, aliquoted and stored at -80ºC until further analysis.  132 

RNA extraction and RT-qPCR: RNAs were extracted from the different tissue 133 

homogenates using the MagMax-96 AI/ND viral RNA isolation kit (ThermoFisher 134 

Scientific, Waltham, MA) following manufacturer’s protocol. A one-step real time 135 

quantitative PCR (RT-qPCR) based on the Nucleoprotein gene segment was used as 136 

surrogate of viral load and it was employed using the primers 2019-nCov_N2-F (5’- 137 

TTACAAACATTGGCCGCAAA-3’) and 2019-nCov_N2-R (5’- 138 

GCGCGACATTCCGAAGAA-3’). A probe with FAM as a reporter and TAMRA as a 139 

quencher was used (5’-FAM-ACAATTTGCCCCCAGCGCTTCAG-TAMRA-3’). The RT-140 

qPCR was performed in a QuantStudio 3 Real-Time PCR System (ThermoFisher 141 

Scientific, Waltham, MA) using a Quantabio qScriptTM XLT One-Step RT-qPCR 142 

ToughMix kit (Quantabio, Beverly, MA) in a final reaction volume of 20 μl. Each reaction 143 

mixture contained 1X master mix, 0.5 μM forward and reverse primers, 0.3 μM probe, 144 

and 5 μl of RNA. The qPCR cycling conditions were 50ºC, 20 min; 95 ºC, 1 min, 40 145 

cycles at 95ºC, 1 min; 60ºC, 1 min; and 72ºC 1 s; with a final cooling step at 4ºC C. A 146 

standard curve was generated using 10-fold serial dilutions of a SARS-CoV-2 virus 147 

stock of known titer to correlate RT-qPCR crossing point (Cp) values with the viral load 148 

from each tissue. Viral loads were calculated as Log10 TCID50 equivalents/per gram of 149 

tissue. 150 

Histopathology and immunohistochemistry: Selected tissues, including lungs, NT, 151 

spleen, liver, heart, SI, and brain were collected from a representative number of mice 152 

in each group and at different timepoints (2, 5 and 14 dpc) for histopathological 153 

examination. Tissues were placed in 10% neutral-buffered formalin (NBF), fixed for at 154 

least 72 hours, paraffin embedded and processed for routine histopathology with 155 

hematoxylin and eosin staining (HE).  Tissues were subjectively scored by a pathologist 156 

as none (-), mild (+), mild to moderate (++), moderate (+++), moderate to severe (++++) 157 

and severe (+++++) based on lesion severity and extent of inflammation. Additionally, 158 
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antibodies targeting the SARS-CoV-2 nucleoprotein (N) (ThermoFisher Scientific, 159 

Waltham, MA; dilution 1/500), the CD3 receptor (Agilent technologies, Santa Clara, CA; 160 

dilution 1/1000) and the allograft inflammatory factor 1 (IBA-1) (Fujifilm WAKO 161 

chemicals, Richmond, VA; dilution 1/8000) were also used to perform 162 

immunohistochemistry (IHC) on selected tissues. The intensity and distribution of the 163 

staining was used to estimate the amount of viral N, CD3 and IBA-1 antigens which was 164 

subjectively scored by a pathologist using a scale from none (-) to large amount 165 

(+++++), being the large amount the highest level of positivity.  166 

Graphs/Statistical analyses. All data analyses and graphs were performed using 167 

GraphPad Prism software version 8 (GraphPad Software Inc., San Diego, CA). For 168 

multiple comparisons, two-way analysis of variance (ANOVA) was performed. A P value 169 

below 0.05 was considered significant. 170 

RESULTS 171 

Modest effect of GC-376 treatment on the clinical outcome of disease in K18-172 

hACE2 mice challenged with SARS-CoV-2.  173 

GC-376 has been shown to be effective against FIP CoV in cats 6 and against 174 

SARS-CoV-2 in vitro 11,12. We evaluated the efficacy of GC-376 against SARS-CoV-2 in 175 

vivo using the K18-hACE2 mouse model (Fig 1A). Concomitantly, we evaluated the 176 

potential toxicity of GC-376 in K18-hACE2 mice, noting that previous studies have 177 

shown no liver toxicity caused by GC-376 in other mouse strains at the dose 178 

administered in this study 23. Thus, K18-hACE2 mice were either mock-challenged 179 

(PBS, G1, n=6/group and G2, n=8/group), challenged with a high dose of SARS-CoV-2 180 

virus (1x105 TCID50/mouse, G3 and G4, n=11/group), or challenged with a low dose of 181 

SARS-CoV-2 virus (1x103 TCID50/mouse, G5 and G6, n=11/group). At 3 h post-182 

challenge, mice were treated for 7 days, twice daily i.p. with either vehicle (G1, G3, and 183 

G5) or GC-376 (G2, G4, and G6, 40 mg/kg per day, 20 mg/kg each dose). No 184 

significant weight loss and 100% survival was observed in both the mock-challenged 185 

mice treated with GC-376 (G2) and the mock-challenged vehicle control group (G1, Figs 186 

1B and 1C). Furthermore, lungs, brain, liver, SI, spleen and heart did not present any 187 

tissue alteration at 14 days post-treatment with GC-376 in comparison with the vehicle 188 
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control group (Fig 1D). In mice challenged with the high virus dose (G3 and G4), there 189 

was a period of relatively normal activity (response to the environment and stimulus 190 

given by the personnel) and physical appearance (Fig 2A and B) followed by rapid 191 

weight loss and presentation of clinical signs (Fig 2C). By 6 dpc, mice in G3 (high virus 192 

dose/vehicle, white symbols) showed about 20% weight loss and by 8 dpc there were 193 

no survivors because they have either succumbed to the infection or had to be 194 

humanely euthanized due to severe clinical signs (lethargy, ruffled fur, labored 195 

breathing, and/or ≥25% body weight loss, Fig 2D). These observations are consistent 196 

with previous reports20,21,24,25. G4 mice (high virus dose/GC-376) showed similar clinical 197 

signs but such progression was delayed by about 24 h (~15% weight loss by 6 dpc). In 198 

terms of body weight loss, statistically significant differences were established between 199 

G3 and G4 from 4 to 6 dpc.  Of note, the G4 mice (high virus dose/GC-376) showed 200 

20% survival (n=1 out of 5) but such difference was not statistically significant.  201 

We analyzed whether the antiviral activity of GC-376 could improve disease 202 

outcome when a low challenge dose of SARS-CoV-2 was used. As expected, 203 

progression of the disease occurred slower compared to groups of mice challenged with 204 

the high virus dose (G3 and G4, Fig 2A-D). It was interesting to observe transient 205 

reduced activity and deterioration of physical appearance (Fig 2E and F) regardless of 206 

treatment accompanied by consistent and statistically significant body weight loss 207 

between 5 to 7 dpc in all mice regardless of group at the low virus challenge dose 208 

compared to mock-challenged/vehicle treated mice, ultimately leading to 60% survival 209 

(Fig 2G and H). These observations are significant because it suggests that disease 210 

progression due to SARS-CoV-2 infection in the k18-hACE2 mouse model is virus dose 211 

dependent adding more value to the system to better study SARS-CoV-2 pathogenesis 212 

and host responses. Of note, a trend towards increased weight loss but faster body 213 

weight recovery was observed in G6 mice (low virus dose/GC-376) compared to G5 214 

mice (low virus dose/vehicle). However, and despite the 100 times lower virus challenge 215 

dose, we did not notice an improvement in the clinical outcome of mice treated with GC-216 

376 compared to mice in vehicle control group. Taken together, these results suggest 217 

that GC-376 has modest benefit in K18-hACE2 mice infected with SARS-CoV-2 in 218 

terms of clinical signs outcome, weight changes, and survival. 219 
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A trend towards reduced SARS-CoV-2 vRNA loads in GC-376-treated mice, 220 

particularly in the brain.  221 

To better characterize the effect of GC-376 treatment against SARS-CoV-2, 222 

sections of NT, lungs, brain, liver, small intestine (SI) and spleen were collected at 2 223 

and 5 dpc and each tissue split into two to assess vRNA viral loads and for 224 

histopathological analyses, respectively. Tissue homogenates were prepared, vRNA 225 

extracted and then vRNA loads and vRNA tissue distribution were evaluated by RT-226 

qPCR. High vRNA content consistent with active virus replication was observed in 227 

tissue homogenates from the NT, lungs, and brain of mice in G3 (high virus 228 

dose/vehicle). RT-qPCR results were consistent with the clinical observations in G3 229 

mice, with average higher vRNA signals at 2 dpc than at 5 dpc in samples from the 230 

lungs and NT, but the opposite in other tissues (brain, liver, SI and spleen) indicative of 231 

systemic virus spread (Fig 3A). Likewise, vRNA loads in G5 mice (low virus 232 

dose/vehicle) followed disease progression with higher average signals on 5 dpc 233 

compared to 2 dpc, particularly in the brain where these differences were statistically 234 

significant (Fig 3A). Also consistent with the clinical outcome of the disease, reduced 235 

vRNA load averages were observed in NT, lungs and brain samples from mice in G4 236 

(high virus dose/GC-376) compared to homologous samples from mice in G3 (high virus 237 

dose/vehicle). Samples from mice in G4 showed more individual variations in vRNA 238 

loads, several at levels below limit of detection, than the counterparts in G3 (Fig 3B). 239 

Similarly, more individual variations in vRNA levels were observed in NT, lungs and 240 

brain samples from G6 mice (low virus dose/GC-376) than in G5 mice (low virus 241 

dose/vehicle) (Fig 3C). Interestingly, brain samples from G6 mice showed statistically 242 

significant lower vRNA levels than those from G5 mice. Overall, these results suggest 243 

high levels of SARS-CoV-2 replication in the NT, lungs, and brain of K18-hACE2 mice 244 

and detectable vRNA in liver, SI and spleen. GC-376 treatment leads towards reduced 245 

virus load averages with the caveat of noticeable individual variations among treated 246 

animals, and the inability to properly prevent the burden and mortality caused by SARS-247 

CoV-2 in K18-hACE2 mice. At the low dose virus challenge, GC-376 prevented to great 248 

extent the virus’ ability to reach the brain, but such effect was not correlated with 249 

increased survival compared to vehicle-treated controls.  250 
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Effects of GC-376 treatment on SARS-CoV-2-induced pathology in mice. 251 

Histopathological analysis of lungs, NT, and brains at 2, 5, and 14 dpc (Table 1) 252 

showed overall milder lesions in mice treated with GC-376 and challenged with the low 253 

dose virus (Fig. 4).  At 2 dpc, no differences were observed in the two groups 254 

challenged with the high dose (G3 and G4).  Lesions at 2 dpc consisted of mild-255 

moderate interstitial lymphoplasmacytic and histiocytic inflammation especially centered 256 

around vessels and peribronchiolar spaces (Fig 4 A-B, asterisks). In addition, marked 257 

edema was effacing the alveoli and interstitium in the G3 group (red arrowheads). At 2 258 

dpc, G5 and G6 (low dose/vehicle and low dose/GC-376) presented similar but milder 259 

extent of lymphoplasmacytic and histiocytic inflammation (Fig 4C-D, asterisks) 260 

compared to high dose groups. At 5 dpc, interstitial pneumonia in both G4 and G3 (high 261 

dose/GC-376 and high dose/vehicle) groups increased of severity and percentage of 262 

parenchyma affected (Fig. 4F-G) and again no significant differences in scoring were 263 

observed. Alveolar septal thickening and consolidation were caused by the severe 264 

proliferation of type II pneumocytes and lymphoplasmacytic inflammation (Fig. 4F-G 265 

arrowhead and asterisk, respectively). In addition, the high dose/vehicle G3 group 266 

presented a more pronounced neutrophilic inflammation (Fig 4G white arrowhead) with 267 

necrosis of alveolar septa, hemorrhage and presence of binucleated, and 268 

multinucleated epithelial cells (syncytia) sloughing into the alveolar lumen. Mild-269 

moderate pleuritis was often observed in the affected groups. Despite the minimal 270 

differences observed at 5 dpc in the high dose challenged groups, 2 out of 3 mice 271 

treated with GC-376 and challenged with the low dose, did not present any pulmonary 272 

lesions (Fig 4H). In the low dose/vehicle group, mice presented mild to moderate 273 

lesions similar to what was already described in the previous high dose groups (G3 and 274 

G4). These also included marked alveolar edema and pleuritis (Fig 4I, red arrowhead 275 

and black arrow, respectively). Airways were mostly spared of lesions, presenting 276 

occasional blebbing and sloughing of bronchial epithelial cells into the lumen (Fig 4 F, 277 

G, and I). By 14 dpc, none to minimal lesions were observed in G4 (high dose/GC-376, 278 

only one survivor) (Fig 4K), whereas in G3 (high dose/vehicle) lesions at 14 dpc could 279 

not be evaluated because there were no survivors. At 14 dpc, the mice in G6 (low 280 

dose/GC-376) presented mild-moderate multifocal perivascular cuffing forming lymphoid 281 
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nodular aggregates (Fig 4L, asterisk).  The G5 low dose/vehicle mice presented sparser 282 

lymphoplasmacytic and histiocytic infiltrates similar to the one observed at day 2 dpc 283 

(Fig. 4M, asterisk).  284 

Lesions in the olfactory epithelium of the NT were minimal, only observed in 2 out 285 

of 3 mice at 2 dpc, in G4 (high dose/GC-376), G3 and G5 (high virus dose/vehicle and 286 

low virus dose/vehicle, respectively) at all timepoints, and none in G6 (low 287 

dose/GC367). These consisted of vacuolar degeneration, pyknosis and karyorrhexis of 288 

random single mucosal epithelial cells (Fig 4 O arrowheads). 289 

In G3 (high dose/vehicle) NT lesions were accompanied by infiltration of mild 290 

numbers of neutrophils, macrophages, and lymphocytes (Fig. 4P, arrowhead). No 291 

lesions were observed in any of the mice from G6 (low dose/GC-376) (Fig 4Q) similar to 292 

G1 (Fig 4S). In contrast, G5 (low dose/vehicle) presented lesions similar to G3 (high 293 

dose/vehicle), with mild degeneration of the olfactory epithelial cells and mild mixed 294 

inflammatory infiltrate (Fig. 4R, arrow and arrowheads). At 5 dpc, the brain of mice in 295 

G4 and G3 (high dose/GC-376 and high dose/vehicle), presented similarly from none to 296 

mild microscopic lesions that consisted mostly of mild gliosis, lymphoplasmacytic and 297 

histiocytic meningoencephalitis (Fig 4, T-U arrowheads). Interestingly, none of the mice 298 

in the G6 (low dose/GC-376) group presented brain lesions (Fig 4V), as opposed to 299 

mice in G5 (low dose/vehicle) which presented lesions similar to the high dose 300 

challenge groups (Fig. 4W). 301 

Viral antigen in lungs was readily detected in lungs of G3 and G4 (high 302 

dose/vehicle and high dose/GC376 respectively) with little variations in the distribution, 303 

prevalence in the section and intensity of the staining (Fig 5, A-B). In the case of G6 and 304 

G5 (low dose/GC-376 and low dose/vehicle), viral antigen was present, but lower in G6 305 

compared to G5 (Fig.5 C-D). By 5 dpc, amount of viral antigen increased with no 306 

appreciable difference between high dose or low dose challenge groups (Fig 5 F-I). In 307 

lungs, viral antigen staining was observed within the cytoplasm of pneumocytes type I, 308 

II, and alveolar macrophages.  309 

In NT, viral antigen at 2 dpc was observed in 1 out of 3 mice in G4 (high 310 

dose/GC376) and in 2 out of 3 mice in G3 high dose/vehicle (Fig 5 K-L). In mice 311 
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challenged with the low virus dose, viral antigen was not detected in G6 mice (low 312 

dose/GC376) whereas 3 out of 3 mice showed mild positive staining in G5 (low 313 

dose/vehicle) at 2 dpc (Fig 5 M-N). Viral antigen in NT was located in the cytoplasm of 314 

the ciliated epithelial cells of the respiratory mucosa and in the olfactory cells of the 315 

pseudostratified olfactory epithelium.  316 

Despite the mild histopathological lesions, the brain presented extensive viral 317 

antigen positivity in neurons of G4 and G3 (high dose/GC376 and high dose/vehicle, 318 

respectively) at 5 dpc with no relevant differences (Fig. 5 P-Q, arrowheads). Viral 319 

antigen was distributed in neurons of both the white and grey matters, and randomly 320 

across the olfactory bulb, cerebrum, limbic system (e.g., hippocampus, hypothalamus, 321 

thalamus) and brainstem. Interestingly, when challenged with the low dose, no antigen 322 

was detected in any of the mice in G6 (low virus dose/GC-376) in contrast with all the 323 

mice in G5 (low virus dose/vehicle) which presented moderate to large amounts of viral 324 

antigen in the brain at 5 dpc (Fig 5 R-S). This suggested a lower SARS-CoV-2 325 

replication preventing the spreading of the virus in the presence of GC-376. These 326 

observations are consistent with the vRNA load data by RT-qPCR for both of these 327 

groups (Fig 3C). 328 

IHC using anti-CD3 or anti-Iba-1 antibodies was performed to better characterize 329 

the type and extent of the cellular inflammatory infiltrate, T lymphocytes and cells of the 330 

monocyte/macrophage lineage, respectively (Table 2). No significant differences in 331 

numbers of CD3+ cells in any organ were noticed between vehicle-treated mice or GC-332 

376 treated mice challenged with the high dose SARS-CoV-2 at the given timepoints 333 

(Fig 6, panels 1-2, 6-7, 11-12, 16-17). On the contrary, a clearly lower number of CD3+ 334 

cells were observed at both 2 and 5 dpc in the lungs, NT and brain of G6 mice (low 335 

virus dose/GC-376) compared to G5 mice (low virus dose/vehicle) (Fig. 6, panels 3-4, 8-336 

9, 13-14, 18-19). This suggests a potential implication of GC-376 in preventing more 337 

severe inflammation and virus-induced tissue damage (Fig 6; Table 2). Similar results 338 

were observed with Iba-1 IHC, showing similar staining patterns in the organs from the 339 

high dose challenge groups but lower staining overall in G6 (low dose/GC-376) when 340 

compared against its control G5 (low dose/vehicle) (Fig 6, panels 21-40). Findings were 341 

overall consistent with the extent of inflammatory reaction and lesions observed by HE. 342 
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Taken together, these results suggest that GC-376 is able to prevent to some extent the 343 

inflammatory reactions induced by SARS-CoV-2 infection. 344 

DISCUSSION 345 

 In the last two decades, coronaviruses have been implicated in significant 346 

zoonotic outbreaks (SARS-CoV-1 in 2003 and MERS in 2012) and in the COVID-19 347 

pandemic (SARS-CoV-2 in 2019/2020). The current COVID-19 pandemic has caused 348 

more than 45 million confirmed infections associated to more than 1 million deaths 349 

worldwide, a public health emergency of incomparable proportions in the 21st century 1. 350 

Many anti-SARS-CoV-2 antiviral efforts have focused on the repurposing of antivirals 351 

compounds rather than the development of novel compounds. Among those, drugs 352 

such as hydroxychloroquine (HQC), remdesivir, favipinavir, ivermectin, among others 353 

have been proposed as promising candidates. There are currently more than 50 354 

different clinical trials where compounds with potential antiviral activity are under 355 

evaluation 26. Previous studies have shown HQC antiviral activity in vitro against SARS-356 

CoV-1 and, early during the COVID-19 pandemic, against SARS-CoV-2 27,28. However, 357 

further analysis in animal models (hamsters and monkeys) and in human clinical trials 358 

showed that HCQ is ineffective against SARS-CoV-2 in vivo 29-31. More promising 359 

outcomes have been observed with remdesivir, an adenosine nucleoside triphosphate 360 

analog, that shows antiviral activity in vitro and in mice against a surrogate chimeric 361 

SARS-CoV-2 virus 13,32-34. More importantly, remdesivir was shown to shorten the time 362 

to recovery of COVID-19 hospitalized patients 35,36. The FDA has recently approved the 363 

remdesivir for treatment of COVID-19 patients, ages ≥ 12 years old and weighing ≥40 364 

pounds, that require hospitalization. However, remdesivir may offer limited benefits to 365 

those that are severely ill. More importantly, a press release from the WHO on 366 

November 20, 2020 recommends against the use of remdesivir in COVID-19 patients. 367 

Immunotherapy using convalescent plasma or monoclonal antibodies is another avenue 368 

of great focus in the treatment of COVID-19.  In this regard, the FDA has recently 369 

released an emergency use authorization for the investigational monoclonal antibody 370 

therapy Bamlanivimab (LY-CoV55, Elli Lilly) to treat mild-to-moderate COVID-19 in adult 371 

and pediatric patients with high risk to become severely ill or hospitalized (typically 372 

those ≥65 years of age or who have certain chronic medical conditions). It is important 373 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2021. ; https://doi.org/10.1101/2021.01.27.428428doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.27.428428


to mention that neither bamlanivimab nor REGN-COV2 (Regeneron) immunotherapies 374 

have proven effective in COVID-19 patients requiring mechanical ventilation (37,38 and 375 

NCT04426695). Thus, there is still a long road ahead in the development of adequate 376 

countermeasures against the SARS-CoV-2 virus. 377 

Herein we evaluated the antiviral activity in vivo of GC-376, a compound that has 378 

shown antiviral activity against SARS-CoV-2 in vitro. For these studies we used the 379 

K18-hACE2 mouse model which was previously established as a suitable small animal 380 

model of SARS-CoV-1 infection 18. We must note that at the time we initiated our 381 

studies, no reports were available in the public domain regarding the suitability of the 382 

K18-hACE2 mouse model to study SARS-CoV-2 infection. Since then, several reports 383 

have emerged and our results are in agreement with the notion that the K18-hACE2 384 

mouse model is a suitable small animal model to study SARS-CoV-2 pathogenesis 385 
20,21,25. Previous reports have also shown that K18-hACE2 mice are amenable for the 386 

study of vaccines against SARS-CoV-2 24 but, to our knowledge, assessment of this 387 

mouse model for the evaluation of potential antivirals against SARS-CoV-2 was lacking. 388 

We observed clinical signs of disease and mortality in K18-hACE2 mice upon SARS-389 

CoV-2 challenge in a virus dose-dependent manner (Figs 3 and 4). Severe clinical signs 390 

and 0% survival was observed at the high virus challenge dose in contrast to the 391 

relatively delayed onset of clinical signs and 60% survival at the low virus challenge 392 

dose demonstrating that this model is not hypersusceptible to the SARS-CoV-2 virus. 393 

Data on clinical signs and body weight monitoring indicated that mice in the low virus 394 

challenge dose were indeed infected and those that survived were essentially devoid of 395 

clinical signs by 14 dpc. This is relevant since the K18hACE2/SARS-CoV-2 model offers 396 

the opportunity to study disease outcome and host responses which in humans are 397 

thought to be related, at least in part, to the amount of virus during exposure. In 398 

contrast, other mouse models, either transduced with a recombinant adenovirus or 399 

modified with CRISP/Cas9 to express hACE2 have shown limited susceptibility to 400 

SARS-CoV-2 and/or neither apparent clinical signs nor mortality 2,39.  401 

The toxicity of GC-376 (7-day course at 40 mg/kg/day) was evaluated through 402 

changes in body weight and survival (Fig 2) and histopathological changes in different 403 

tissues at 7 days post-treatment (14 dpc). These analyses indicated lack of obvious 404 
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acute toxicity of GC-376 in K18-hACE-2 mice. Although previous studies in cats showed 405 

no GC-376 associated toxicity those were performed using lower doses than in our 406 

studies. And in studies using GC-376 against murine hepatitis virus (MHV) A59 in 407 

Balb/c mice no specific toxicity evaluations were performed 6,7,23.  408 

We observed a modest although clearly beneficial effect of GC-376 against 409 

SARS-CoV-2 in vivo based on the collective analysis of the following observations: 410 

Slight delay in onset of clinical signs accompanied by one survivor in the GC-376-411 

treated group compared to no survivors in the vehicle-treated mice challenged with a 412 

high virus dose. More interindividual variations with several more tissue samples 413 

showing vRNA below levels of detection comparing GC-376-treated to vehicle-treated 414 

animals challenged with either high or low virus dose. Although not statistically 415 

significant, average lower vRNA levels were observed in tissue samples from the NT, 416 

lungs, and brain in mice treated GC-376 than in the vehicle-treated counterparts. Faster 417 

body weight recovery and significantly reduced vRNA presence in brain samples 418 

collected at 5 dpc was observed in GC-376-treated versus vehicle-treated mice 419 

challenged with low dose virus. The reduced vRNA load in brain samples was 420 

consistent with reduced viral antigen staining.  Reduced virus involvement in the brain is 421 

important considering the neurologic features observed in COVID-19 patients where 422 

disorientation, poorly organized movements and confusion among other neurological 423 

symptoms have been observed 40. Additionally, COVID-19 neurological symptoms can 424 

be potentially life threatening in around 65% of the cases 41. A positive effect of GC-376 425 

was also supported by the histopathological examinations and analysis of markers of 426 

cellular infiltration (CD3 and Iba-1). Milder lesions and lower detection of CD3+ and Iba-427 

1+ cells in lungs, NT and brain samples were observed in GC-376-treated mice 428 

compared to vehicle-treated mice. The decrease in CD3+ and Iba-1+ cells was 429 

correlated with milder inflammation also observed at HE. A lower, measured 430 

inflammatory response is thought to be favorable for the host, in contrast with an 431 

excessive inflammatory reaction, such as the multisystemic inflammatory syndrome, 432 

which is considered a major complication of SARS-CoV-2 infection, often fatal in 433 

COVID-19 patients. The widespread virus colonization of neurons and associated 434 

meningoencephalitis observed in mice, partially explains the neurological deficits 435 
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observed COVID-19 patients 41,42. Various infective mechanisms and paths can be 436 

exploited by the virus to reach the central nervous system. SARS-CoV-2 can access the 437 

brain through various neural or hematogenous routes that connect nasal mucosae, 438 

primary site of virus replication, to the anatomically adjacent forebrain across the 439 

cribriform plate of the ethmoid bone 43. Our results are in agreement with the notion that 440 

virus dissemination to the brain is likely to occur from the upper respiratory tract via non-441 

neuronal cells that provide metabolic and structural support to sensory olfactory nerve 442 

cells 44. This explains why anosmia (loss of smell) is one of the hallmark symptoms of 443 

COVID-19 44.  444 

The modest in vivo antiviral activity of GC-376 in SARS-CoV-2-infected 445 

K18hACE2 mice is consisted with its moderate in vitro antiviral activity. The reported in 446 

vitro EC50 values of GC-376 against SARS-CoV-2 in cell culture range from 0.5 to 3.4 447 

µM from several independent studies, depending on the cell types and assay 448 

conditions12,13,45. In comparison, a GC-376 analog 6j was recently reported to improve 449 

survival in MERS-CoV-infected mice, and the EC50 value of the in vitro cellular antiviral 450 

activity of 6j against MERS-CoV was 0.04 ± 0.02 µM10. This result suggests that the in 451 

vitro cellular antiviral activity of GC-376 against SARS-CoV-2 needs to be improved by 452 

10–100-fold to achieve desired in vivo antiviral efficacy. As such, the lead optimization 453 

on GC-376 should mainly focus on improving the cellular antiviral activity.  Alternatively, 454 

higher doses of GC-376, alone or in combination with other antivirals such as remdesivir 455 

or EIDD-2801 and/or anti-inflammatory drugs such as dexamethasone could be 456 

evaluated against SARS-CoV-2. Although such studies are beyond the scope of the 457 

present report, they are undoubtedly warranted. This is particularly the case since 458 

currently approved intervention strategies are limited and not very efficacious to treat 459 

severe COVID-19 cases. To our knowledge, ours is the first to study the in vivo efficacy 460 

of GC-376 against SARS-CoV-2. The precedent successful examples of GC-376 in 461 

treating FIP CoV infection and 6j in treating MERS-CoV infection in mice, coupled with 462 

the promising anti-inflammatory effects of GC-376 against SARS-CoV-2 infection in 463 

mice from this current study, warrants further development of GC-376 to specifically 464 

target SARS-CoV-2.  465 

 466 
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Table 1. HE and SARS-CoV-2 IHC scores of the different groups evaluated in this study. 580 

GROUP  LUNGS BRAIN NT 

  DPC H&E SARS-CoV-2 IHC H&E SARS-CoV-2 IHC H&E SARS-CoV-2 IHC 

 2 -/- -/- -/- -/- -/- -/- 

G1 (mock-Ch/vehicle 5 -/- -/- -/- -/- -/- -/- 

 14 -/- N/E -/- N/E -/- N/E 

 2 -/-  -/- -/- -/- -/- -/- 

G2 (mock-Ch/GC-376) 5 -/- -/- -/- -/- -/- -/- 

 14 -/-/-/- N/E -/-/-/- N/E -/-/-/- N/E 

G3 (High 

dose/vehicle) 

2 +++/+/++ +++/+++/++++ -/-/- -/-/- +/+/- +/++/- 

5 ++/+++++/+++ ++/+++/+++ +/-/++ +++++/-/+++++ +/+ -/- 

14 N/E N/E N/E N/E N/E N/E 

G4 (High dose/GC-

376) 

2 +/++/+ +++/+++/++++ -/-/- -/-/- +/-/+ +/-/- 

5 +/++++/+++++ +++/++/++++ +/-/- +++++/++++/- -/-/- +/-/- 

14 - N/E - N/E - N/E 

G5 (Low 

dose/vehicle) 

2 -/+/++ +/++/+++ -/-/- -/-/- -/-/+ +/+/+ 

5 +/+++/+ -/++++/- ++/++/++ ++/+++++/+++ -/+/+ -/-/- 
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14 ++/+/+++++ N/E -/+/- N/E -/+/- N/E 

G6 (Low dose/GC-

376) 

2 ++/-/+ +/-/+ -/-/- -/-/- -/-/- -/-/- 

5 -/+++/- -/++++/- -/-/- -/-/- -/-/- -/-/- 

14 ++/++/++ N/E -/-/- N/E -/-/- N/E 

N/E= Not evaluated 581 

 582 
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Table 2. CD3 and Iba1 IHC scores of the different groups evaluated in this study. 583 

GROUP  LUNGS BRAIN NT 

  DPC CD3  Iba-1 CD3 Iba-1 CD3 Iba-1 

G1 (mock-Ch/vehicle) 2 -/- -/- -/- -/- -/- -/- 

 5 -/- -/- -/- -/- -/- -/- 

G2 (mock-Ch/GC-376) 2 -/- -/- -/- -/- -/- -/- 

 5 -/- -/- -/- -/- -/- -/- 

G3 (High dose/vehicle) 2 +++/++/++ ++/+/+ -/-/- -/-/- ++/-/- +/+/- 

 5 ++/++++/+++ +++/++++/++++ +/-/+++ +++/-/+++ +/+ +/+ 

G4 (High dose/GC-376) 2 +/++/+ +/+/+ -/-/- -/-/- -/-/++ +/+/+ 

 5 ++/++++/+++ ++/++++/++++ ++/-/- +++/+/- +/+/+ +/-/- 

G5 (Low dose/vehicle) 2 -/+/+ -/-/++ -/-/- -/-/- -/-/+ +/+/+ 

 5 +/+++/++ +/++++/+ +/+/++ -/++/- +/+/+ +/++/+ 

G6 (Low dose/GC-376) 2 ++/-/- +/-/+ -/-/- -/-/- +/-/- +/+/+ 

 5 -/++++/- -/+++/- -/-/- -/-/- -/+/- +/+/- 
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Figure legends 585 

Figure 1. Schematic representation of the experimental design and evaluation of 586 

the safety of GC-376 in K18-hACE2 mice. (A) K18-hACE2 were either mock 587 

challenged (G1 and G2) or challenged with SARS-CoV-2 at either a high virus dose 588 

(1x10ˆ5 TCID50/mouse; G3 and G4) or a low virus dose (1x10ˆ3 TCID50/mouse; G5 589 

and G6). I.P. treatment with vehicle (G1, G3, and G5) or GC-376 (G2, G4, and G6, 590 

40mg/kg day). Subsets of mice were humanely euthanized at 2 and 5 dpc and different 591 

tissues were collected. Mice (n=8) received 40mg/kg of GC-376 split in two doses per 592 

day for 7 days and (B) weight changes and (C) survival were monitored for 12 days. (D) 593 

Mice were humanely euthanized at 14 dpc and lungs, brain, liver, spleen, heart and SI 594 

were collected. HE slides were generated and analyzed in comparison with the negative 595 

control group. Representative pictures were taken at 20X magnification for all tissues 596 

except brain samples that were taken at 4X. 597 

Figure 2.  Efficacy of GC-376 in terms of clinical signs and survival after challenge 598 

with SARS-CoV-2. Mice (n=11/group) were challenged with a (A-D) high dose (1x10ˆ5 599 

TCID50/mouse) or (E-H) low dose (1x10ˆ3 TCID50/mouse) of SARS-CoV-2 and treated 600 

with drug vehicle (white symbols) or 40mg/kg of GC-376 split in two doses per day for 7 601 

days (black symbols). (A and E) activity, (B and F) physical appearance, (C-G) weight 602 

change and (D and H) survival (n=5). Statistical analysis was performed by a two-way 603 

ANOVA, * p<0.05. Grey shading represents remaining number of animals at time of 604 

clinical evaluation (n=11; dark grey, n=8; mid grey, n=5 light grey) 605 

Figure 3. Viral loads in different mouse tissues at 2 and 5 dpc after SARS-CoV-2 606 

challenge. Subsets of mice (n=3/group/time point) were humanely euthanized at 2 and 607 

5 dpc. Lungs, brain, SI, liver, spleen and NT were collected. (A) Viral loads from G3 608 

(high dose/vehicle) and G5 (low dose/vehicle) were determined by RT-qPCR and 609 

expressed as log10 TCID50 equivalent (TCID50eq) per gram of tissue. Mice challenged 610 

with high dose of SARS-CoV-2 euthanized at 2 dpc (clear diamond) and 5 dpc (clear 611 

squares) or challenged with low dose of SARS-CoV-2 euthanized at 2 dpc (clear 612 

inverse triangle) and 5 dpc (clear triangles). Viral loads in lungs, brain and NT from mice 613 

challenged with (B) high dose or (C) low dose of SARS-CoV-2 and treated with drug-614 
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vehicle (clear) or GC-376 (black) were analyzed from samples collected at 2 and 5 dpc. 615 

The mean +/- SEM is shown. Statistical analysis was performed by a two-way ANOVA 616 

with a Dunnett’s multiple comparisons test, * p<0.05 617 

Figure 4. Microscopic findings in lungs, NT and brain from GC-376- and vehicle-618 

treated mice at selected time points. (A-D) Mild to moderate incremental 619 

lymphoplasmacytic and histiocytic perivascular infiltrates were observed at 2 dpc in the 620 

lungs of all groups (asterisks). (B) G3, lungs at 2 dpc, alveolar spaces were also effaced 621 

by edema (red arrowheads). (E) G1, lungs at 2 dpc were normal. (F, G and I) Marked 622 

pulmonary consolidation was observed at 5 dpc in lungs from G4, G3 and G5 due to 623 

pneumocyte type II hyperplasia and marked interstitial inflammation (black arrowheads). 624 

Asterisks mark perivascular cuffs of mononuclear cells. (G) Marked neutrophilic 625 

inflammation was also observed (white arrowheads) in G3 lungs at 5 dpc (I) Moderate 626 

alveolar edema (red arrowhead) and pleuritis (black arrow), were present at 5 dpc in 627 

G5. (H) G6 lungs did not present any lesions in 2/3 mice at 5 dpc. (J) G1, normal lungs, 628 

5 dpc. (K-N) Lungs at 14 dpc, presented from none to minimal perivascular and peri-629 

bronchial lymphoplasmacytic and histiocytic infiltrates (asterisks). (O, P, and R) Nasal 630 

turbinates presented minimal changes in G4, G3 and G5 at 2 dpc. (O) G4, NT, at 2 dpc; 631 

mild vacuolar degeneration, pyknosis, and karyorrhexis of single olfactory epithelial cells 632 

(arrowheads). (P) G3, NT, at 2 dpc; the lamina propria was mildly expanded by 633 

neutrophils, lymphocytes and macrophages (arrowheads). (Q, S) No lesions were 634 

observed in neither G6 nor G1 NT at 2 dpc. (R) G5, NT at 2 dpc; olfactory epithelium 635 

was attenuated and vacuolated (arrowhead), and the lamina propria expanded by small 636 

numbers of neutrophils and macrophages (black arrow). (T-U, W) Brain from G4, G3 637 

and G5 mice at 5 dpc, presented mild to moderate multifocal lymphoplasmacytic 638 

perivascular cuffing (arrowheads) surrounded by mild areas of hypercellularity (gliosis). 639 

(V, X) No lesions were observed in G6 and G1, at 5 dpc. Pictures and inserts were 640 

taken at 20X and at 40X magnification, respectively. 641 

Figure 5. SARS-CoV-2 virus nucleocapsid tissue distribution in lungs, NT and 642 

brain analysis through IHC. (A, F) G4, lungs, 2 and 5 dpc, respectively; moderate 643 

amount of virus antigen (red staining) is present within pneumocyte type I, II, and 644 

alveolar macrophages. (B, G) G3, lungs, 2 and 5 dpc, respectively; moderate amount of 645 
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virus N antigen (red staining) is present within pneumocyte type I, II. (C, H) G6, lungs, 2 646 

and 5 dpc, respectively; rare pneumocytes type I and II present intracytoplasmic viral 647 

nucleocapsid at 2 dpc and normal lungs at 5 dpc. (D, I) G5, lungs, 2 and 5 dpc, 648 

respectively; mild numbers of cells (pneumocyte type I, II, and alveolar macrophages) 649 

present virus antigen positivity within the cytoplasm (arrowheads). (E, J) G1, normal 650 

lungs at 2 and 5 dpc, respectively. (K, L) G4 and G3, respectively, NT, 2 dpc; mild 651 

amount of intracytoplasmic virus antigen within olfactory epithelium. (M) G6, normal NT, 652 

2 dpc. (N) G5, NT, 2 dpc; moderate amount of virus nucleocapsid present within both 653 

respiratory epithelium and olfactory epithelium. (O) G1, normal NT, 2 dpc (P, Q) G4 and 654 

G3, respectively, brain, 5 dpc; moderate to large amount of virus antigen within neurons 655 

(arrowheads) (R) G6, normal brain, 5 dpc. (S) G5, brain 5 dpc; moderate to large 656 

amount of virus antigen within neurons (arrowheads). (T) G1, normal brain, 5 dpc. 657 

Pictures were taken at 20X magnification and inserts were taken at 40X magnification.  658 

Figure 6. T-cell and monocyte/macrophages accumulation in lung, NT and brain 659 

from GC-376- and vehicle-treated mice at selected timepoints. (1-4, 6-7, 9) 660 

Increased numbers of T lymphocytes are expanding perivascular and peribronchiolar 661 

spaces (arrowheads) and invading the interstitium (asterisks) at 2 and 5 dpc in G4, G3, 662 

G6 and G5. In G6, 2/3 mice did not present any increase in T-cells at 5 dpc. (5, 10) G1, 663 

normal lungs from uninfected control mice at 2 and 5 dpc, respectively. Note resident 664 

CD3+ lymphocyte concentrations in the resting tissue. (11-12, 14) Mild increase in T-665 

cells were observed in G4, G3 and G5 NT at 2 dpc invading lamina propria and 666 

olfactory epithelium (arrowheads). (13, 15) No increase in CD3+ staining was observed 667 

in G6 and G1 NT at 2 dpc. (16-17, 19) Mild-moderate increase in perivascular T-cells 668 

was observed in G4, G3, and G5 brains at 5 dpc. (18, 20) No increase in CD3+ staining 669 

was observed in G6 and G1 brains at 5 dpc. (21-24, 26-27, 29) Increased numbers of 670 

Iba-1+ cells were found effacing perivascular and peribronchiolar spaces (arrowheads) 671 

and invading the interstitium (asterisks) at 2 and 5 dpc in G4, G3, G6 and G5. (28) G6, 672 

2/3 mice did not present any increase in T-cells at 5 dpc. (25, 30) G1, normal lungs from 673 

uninfected control mice at 2 and 5 dpc, respectively. Note resident Iba-1+ macrophages 674 

concentrations in the resting tissue. (31-32, 34) Mild increase in macrophages were 675 

observed in G4, G3 and G5 NT at 2 dpc invading lamina propria and olfactory 676 
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epithelium (arrowheads and inserts). (33, 35) No increase in Iba-1+ staining was 677 

observed in G6 and G1 NT at 2 dpc. (36-37, 39) Mild-moderate increase in perivascular 678 

macrophages was observed in G4, G3, and G5 brains at 5 dpc accompanied by marked 679 

increased in staining of resident microglial cells within areas of intense virus antigen 680 

positivity (arrowheads). (38, 40) No increase in Iba-1+ staining was observed in G6 and 681 

G1 brains at 5 dpc. Pictures and inserts were taken at 20X and 40X magnification, 682 

respectively. 683 
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