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ABSTRACT 24 

BACKGROUND. How well mouse models recapitulate the transcriptional profiles seen in humans 25 

remains debatable, with both conservation and diversity identified in various settings.  The K18-26 

hACE2 mouse model has been widely used for evaluation of new interventions for COVID-19.  27 

METHOD. Herein we use RNA-Seq data and bioinformatics approaches to compare the 28 

transcriptional responses in the SARS-CoV-2 infected lungs of K18-hACE2 mice with those seen 29 

in humans.   30 

RESULTS. Overlap in differentially expressed genes was generally poor (≈20-30%), even when 31 

multiple studies were combined.  The overlap was not substantially improved when a second 32 

mouse model was examined wherein hACE was expressed from the mouse ACE2 promoter.  In 33 

contrast, analyses of immune signatures and inflammatory pathways illustrated highly significant 34 

concordances between the species.   35 

CONCLUSION. As immunity and immunopathology are the focus of most studies, these hACE2 36 

transgenic mouse models can thus be viewed as representative and relevant models of COVID-19.  37 

 38 
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Introduction 50 

Mouse models represent critical tools for preclinical evaluation of new interventions and for 51 

understanding inter alia disease, host responses and pathogen behaviors.  However, views on how 52 

well mice recapitulate human transcriptional profiles range from substantial conservation (1, 2) to 53 

considerable diversity (3).  In pro-inflammatory settings, reports have also argued that mouse 54 

models mimic human transcriptional responses well (4) or poorly (5).  Mouse models of human 55 

disease can thus be seen as less reliable (6-10) or, in other settings, as recapitulating faithfully key 56 

elements of human disease (11-13).  Given both cross species conservation and diversity can be 57 

identified (14, 15), specifically interrogating any given mouse model for how reliably its 58 

transcriptomic responses mimic those seen in humans is clearly warranted (16-18).   59 

 A widely used mouse model of SARS-CoV-2 infection and COVID-19 disease is the K18-60 

hACE2 mouse, where the human angiotensin-converting enzyme 2 (hACE2) is expressed as a 61 

transgene from the keratin 18 (K18) promoter.  These mice develop a robust respiratory disease 62 

that histologically resembles severe COVID-19 (19-21).  These mice have been widely used for 63 

evaluation of new interventions (22-27), and for virology and immunopathology studies (28, 29).  64 

However, SARS-CoV-2 infected K18-hACE2 mice show a number of differences (19), perhaps 65 

the most important difference is a fulminant brain infection that is associated with the generally 66 

lethal outcome in this model (30).  Although human brain infection has now been demonstrated 67 

(31), fulminant lethal brain infection is not a feature of COVID-19 (32, 33).  A second mouse 68 

model of SARS-CoV-2 infection and COVID-19 disease involves expression (also as a transgene) 69 

of hACE2 driven by the mouse ACE2 promoter (34), referred to herein as mACE2-hACE2 mice.  70 

This mouse model does not show the brain infection seen in K18-hACE2 mice, with infection 71 

generally self-limiting and non-lethal (34).  Herein we describe a bioinformatic approach for 72 

comparing the transcriptional responses of mouse lungs and human lungs/lung tissues after SARS-73 

CoV-2 infection.  Although overlap for differentially expressed genes (DEGs) across species was 74 

generally poor, concordance for immune signatures and inflammation pathways was high.   75 

  76 

Results 77 

Mouse and human data sets for SARS-CoV-2 infected lung tissues.  RNA-Seq datasets for lungs 78 

from SARS-CoV-2 infected K18-hACE2 mice were obtained from two independent sources, 79 

Winkler and our own group, Suhrbier (Table 1).  For the former (35), datasets for lungs of SARS-80 

CoV-2 infected K18-hACE2 mice for 2, 4 and 7 days post infection (dpi), were obtained from the 81 

NCBI Sequence Read Archive (SRA) (Table 1).  Two Suhrbier K18-hACE2 datasets were 82 

available, 2 and 4 dpi, with the latter reported previously (27) and the former generated for this 83 

study (Table 1).  Fastq files were analyzed or reanalyzed herein using STAR, RSEM and EdgeR, 84 

with a q<0.05 filter applied to provide Differentially Expressed Genes (DEGs) (Supplemental 85 

Table 1 a, d, g, j, m).  For each of these DEG lists, a mouse-human orthologue DEG list 86 

(orthoDEGs) (Supplemental Table 1 b, e, h, k, n) and a single copy orthologue DEG list (scoDEGs) 87 

was generated (Supplemental Table 1 c, f, i, l, o). 88 

 Three RNA-Seq datasets derived from SARS-CoV-2 infected human lung samples (COVID-89 
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19 vs. Controls) were obtained from the NCBI Sequence Read Archive (SRA) and are referred to 90 

as Wu (36), Alfi (37) and Blanco-Melo (38) (Table 1).  The Alfi and Wu data sets were reanalyzed 91 

(using STAR, RSEM and EdgeR) to produce gene expression datasets.  Compared to the Alfi and 92 

Wu data sets, the Blanco-Melo dataset showed very low sequencing depth in the COVID-19 93 

samples (Supplemental Figure 1), and the original gene list provided by the authors (38) was used.  94 

DEGs (Supplemental Table 1p, s, v), orthoDEGs (Supplemental Table 1q, t, w) and scoDEGs 95 

(Supplemental Table 1r, u, x) were generated as above for the 3 human groups, respectively.  An 96 

additional human COVID-19 DEG list derived from NanoString analysis (39) was obtained from 97 

the Vivli Center for Clinical Research Data (Table 1, Ackermann).   98 

 In summary, five DEG, orthoDEG and scoDEG datasets for 3 time points and from two 99 

independent groups, describe significant differential gene expression in lungs of SARS-CoV-2-100 

infected K18-hACE2 mice.  Four independent DEG, orthoDEG and scoDEG datasets were 101 

obtained that describe significant differential gene expression in SARS-CoV-2-infected human 102 

lung tissues.  The number of DEGs ranged from 75 to 2794 per dataset (Figure 1A).  The proportion 103 

of DEGs in each dataset that were orthoDEGs or scoDEGs between mouse and human ranged 104 

from 57 to 92% and 49 to 83%, respectively (Figure 1A).  When the NanoString (Ackerman) and 105 

the Organ culture (Alfi) was removed, these percentages were 74 to 83% and 63 to 77%, 106 

respectively (Figure 1A).  107 

 Poor overlap between human and mouse DEGs.  When the up-regulated scoDEGs from all the 108 

mouse data sets were combined (n=2216) and compared with scoDEGs from each of the four 109 

human studies, 79% of scoDEGs up-regulated in mice were not up-regulated in any human study 110 

(Figure 1B).  The same comparison for down-regulated scoDEGs showed 80% of scoDEGs down-111 

regulated in mice were not down-regulated in any human study (Figure 1B).  Thus the overall 112 

overlap for up- and down-regulated scoDEGs for K18-hACE2 mice and human studies was only 113 

21 and 20%, respectively.   114 

 Conceivably, due to the q<0.05 cutoff, a DEG in one species may narrowly have missed being 115 

a DEG in the other species because it just missed out on significance.  A K18-hACE2 mouse-vs. 116 

human comparison was thus undertaken using single-copy orthologues that were differentially 117 

expressed in at least one mouse group OR at least one human group (union scoDEGs) (Figure 1C), 118 

and a second comparison using single-copy orthologues that were differentially expressed in at 119 

least one mouse group AND at least one human group (intersection scoDEGs) (Figure 1D).  For 120 

each comparison, log2 fold-changes (log2FC) were averaged within each species (Supplemental 121 

Table 2) and tested for correlation.  Although significant, correlation coefficients were relatively 122 

poor in both comparisons; r=0.16 and 0.36 for union scoDEGs and intersection scoDEGs, 123 

respectively (Fig 1C, D).  The poor overlap between DEGs in K18-hACE2 mice and human studies 124 

cannot therefore be readily explained by genes just missing the p<0.05 cutoff.  In addition, 37% 125 

(9% + 28%) of genes showed opposite directions of average fold change for mouse and human 126 

scoDEGs (Figure 1D, yellow boxes).   127 

 When DEG overlaps were calculated in pairwise comparisons between each group, overlaps 128 

between mouse and human data sets remained low, ranging from 1-9% (Supplemental Figure 2).  129 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2022. ; https://doi.org/10.1101/2022.02.24.481866doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.24.481866
http://creativecommons.org/licenses/by-nd/4.0/


5 

 

This illustrated that no human group showed good concordance with any mouse group, and that 130 

overlaps were higher when multiple studies were combined (Figure 1B).  Overall these analyses 131 

argue that differential gene expression in SARS-CoV-2 infected K18-hACE2 lungs, by enlarge, 132 

do not recapitulate particularly well differential gene expression in lungs of infected human lung 133 

tissues.   134 

 Large variations in viral read counts.  To assess the viral loads for each group, the percentage 135 

of reads mapping to the virus was determined for each RNA-Seq dataset and expressed as a 136 

percentage of reads aligned to protein-coding genes.  Mouse groups had ≈1.5 - 5.5 logs more mean 137 

viral read counts than the human studies (Figure 2A).  The high viral read counts in K18-hACE2 138 

mice is perhaps not surprising given that this is a robust lethal model of SARS-CoV-2 infection 139 

(20, 28, 35).   140 

 The analysis also illustrated the large differences in viral loads between human studies, Alfi 141 

contained ≈2 logs more viral reads than Blanco-Melo, and Blanco-Melo had ≈2 logs more viral 142 

reads than Wu.  In contrast, the mean percent read counts varied by only ≈1 log between mouse 143 

groups (Figure 2A).  The large differences in viral loads in the human groups may explain, at least 144 

in part, why DEG overlap between any of the human groups was low (Supplemental Figure 3A).  145 

The lower differences in viral loads in the mouse groups may explain, at least in part, why DEG 146 

overlap between any of the mouse groups was higher (Supplemental Figure 3B).  However, as 147 

illustrated below, the poor scoDEG overlap between K18-hACE2 and human groups was not 148 

substantially rectified when the non-lethal mACE2-hACE2 model was used, which has 149 

significantly lower lung titers than K18-ACE2 mice. 150 

 Gene Set Enrichment Analyses using orthoDEGs.  A method for comparing gene expression 151 

data sets is to use Gene Set Enrichment Analysis (GSEA), whereby the enrichment of a DEG set 152 

within a pre-ranked gene list is evaluated (40-43).  For orthologues with different gene 153 

nomenclature in mice and humans, the mouse gene symbols were changed to their orthologous 154 

human equivalent in the orthoDEG sets and the gene lists.  This allows GSEAs to be undertaken 155 

for mouse vs. human gene sets.  The orthoDEG gene sets used in the GSEAs comprised the top 156 

50% of orthoDEGs ranked by fold change (Supplemental Table 1).  These orthoDEG sets were 157 

then used to interrogate all other ranked gene lists (ranked by fold change) for all the other groups 158 

(Supplemental Table 3).   159 

 The up-regulated orthoDEG sets from almost all groups were significantly enriched with 160 

positive normalized enrichment scores (NES) in all the ranked gene lists (Figure 2B, circles; 161 

Supplemental Table 4).  Of the 35 (20 plus 15) GSEAs for mouse-human and human-mouse 162 

comparisons, 31 (18 plus 13) reached significance (Figure 2B, q<0.05 blue and green circles).  163 

Thus although overlap in up-regulated orthoDEGs was poor and variation in viral loads was high, 164 

the top up-regulated orthoDEGs identified in SARS-CoV-2 infected lungs from K18-hACE2 mice 165 

generally showed significant enrichment in human ranked gene lists and vice versa.   166 

 GSEAs using down-regulated orthoDEGs provided the opposite result for mouse-human and 167 

human-mouse comparisons with only 7 (3 plus 4) out of 35 GSEAs reaching significance (Figure 168 

2B, q<0.05, blue and green crosses; Supplemental Table 4).  In addition, only 2/9 human-human 169 
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GSEAs of down-regulated orthoDEGs reached significance (Figure 2B, red crosses).  However, 170 

for mouse-mouse GSEAs, the number that reached significance for down-regulated orthoDEGs 171 

(17/20) was only marginally lower than for up-regulated orthoDEGs (20/20) (Figure 2B).   172 

 Analyses of down-regulated DEGs by Ingenuity Pathway Analysis (IPA) Diseases and 173 

Functions feature, remarkably provided the same top scoring annotation by z-score for all groups, 174 

Organismal death, with the exception of the Alfi organoid study where the top annotation was 175 

Perinatal death (Supplemental Table 5).  Down-regulated DEGs would thus largely and 176 

consistently appear to arise from tissue damage, with cell death and injury in SARS-CoV-2 177 

infected lungs induced via direct viral cytopathic effects (44) and via the cytokine storm (45).  The 178 

comparable levels of virus infection seen in the mouse groups (Fig. 2A) might thus contribute to 179 

the higher level of congruence (i.e. 17/20 significant GSEAs) in the down-regulated gene 180 

signatures (Figure 2B, purple crosses). 181 

 GSEAs using ImmuneSigDB shows concordance between mouse and human studies.  182 

ImmuneSigDB is a compendium of ≈5000 immunology-specific gene sets that can be used to 183 

interrogate mouse and human ranked gene lists using GSEAs to identify immune signatures (15).  184 

GSEAs using ImmuneSigDB gene sets were used to interrogate the gene lists ranked by fold 185 

change (Supplemental Table 3).  The NES are plotted for GSEAs that reached significance 186 

(q<0.05), with the NES ranked by Suhrbier 4 dpi (Figure 3A), as this dataset provided the largest 187 

number of significant GSEA results (n=1969).  The results were also grouped by ImmuneSigDB 188 

gene sets that mentioned a specific cell type (Figure 3A) in the gene set annotation (15).  189 

Concordance between the mouse and human GSEA results was generally high, with the 190 

concordance also apparent across all cell types (Figure 3A).   191 

 A Pearson correlation of the mean NES for human vs mouse provided a highly significant 192 

correlation (Figure 3B, r=0.64), illustrating that both human and mouse datasets showed 193 

comparable enrichments for many ImmuneSigDB gene sets.  In summary, despite the poor overlap 194 

for scoDEGs, GSEAs using ImmuneSigDB gene sets argue that human and mouse ranked gene 195 

lists share a significant number of immune related signatures.   196 

 The Wu dataset showed a clearly distinct pattern (Figure 3A).  To gain insights into why, the 197 

DEGs from the Wu and Blanco-Melo studies were analyzed by IPA Diseases and Functions.  The 198 

results were ranked by difference in z-scores, with the top 10 most different annotations shown 199 

(Figure 3C).  Cell death and inflammation annotations had much lower z-scores in the Wu study 200 

when compared with the Blanco-Melo study (Figure 3C).  These results are consistent with the ≈2 201 

log lower mean level of virus in the Wu group (Figure 2A), with methylprednisolone treatments 202 

in 4/9 patients (and interferon in one patient and intravenous immunoglobulin in another) (36) 203 

perhaps also suppressing inflammation and thereby prolonging survival (46) to a time when viral 204 

titers have waned.  The antiviral treatments used in this study (36) have subsequently been shown 205 

not to have significant activity.  206 

 Cytokine/chemokine signaling pathways show high level concordance between species.  For 207 

COVID-19 a key feature is up-regulation of inflammatory mediators, with the ensuing cytokine 208 

storm associated with acute respiratory distress syndrome (ARDS) that characterizes severe 209 
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disease (47).  The 5 mouse and 4 human DEG sets were analyzed by IPA, which accepts both 210 

human and mouse gene nomenclature.  The Up-Stream Regulator (USR) feature of IPA provided 211 

a list of z-scores for cytokine (which includes chemokine) pathways, which were then ranked and 212 

plotted in heat maps.  This analysis illustrated considerable concordance between the dominant 213 

pro-inflammatory cytokine/chemokine responses in mice and humans (Figure 4A,B).  A highly 214 

significant correlation emerged between the mean z-scores for cytokine/chemokine USRs for 215 

human groups and the mean z-score for cytokine/chemokine USRs for mouse groups (Figure 4C, 216 

Cytokine/chemokine).  This correlation remained highly significant when cytokine/chemokine 217 

USR z-scores from individual mouse data sets were used instead of the means (Supplemental 218 

Figure 4).  Thus, although orthoDEGs and scoDEGs showed poor overlaps for human and mouse 219 

groups, pathway analyses illustrated that the cytokine/chemokine responses in SARS-infected 220 

human and mouse lung tissues were actually quite similar.   221 

 A series of human clinical trials have shown the benefit of anti-inflammatory treatments for 222 

COVID-19 ARDS such as corticosteroids (e.g. dexamethasone) (48) and anti-IL-6-receptor 223 

(tocilizumab) (49).  When IPA Chemical Drug USRs were compared, a highly significant 224 

correlation emerged, with dexamethasone appearing with the expected negative z-score in both 225 

mice and human data sets (Figure 4C, Chemical drug).  When IPA Biological Drug USRs were 226 

compared a highly significant correlation again emerged, although only Suhrbier 2 and 4 dpi 227 

showed a negative z-score for tocilizumab (Figure 4C, Biological drug; Supplemental Table 6).  228 

Why the human data sets all failed to provide a z-score for tocilizumab (Supplemental Table 6) is 229 

unclear, given the clear IL-6 signatures (Figure 4A,B).  Conceivably, the human lung samples were 230 

collected too late, with the best results for tocilizumab achieved when the drug was given early in 231 

infection (50).  Overall these results argue that K18-hACE2 mice represent a suitable model in 232 

which to test biologics and chemotherapeutics for COVID-19.  233 

 Distinct gene expression profiles point to the same dominant cytokine pathways.  For human-234 

mouse comparisons, differential gene expression showed poor overlaps (Figure 1B,C), whereas 235 

pathway analyses showed highly significant correlations (Figure 3A,B, Figure 4A-C).  To dissect 236 

this apparent incongruity, the IL-6 receptor signaling network (IL-6R network) was examined in 237 

detail.  The IL-6 was consistently identified as a USR with positive z-scores (Figure 4A,B), with 238 

excessive IL-6 levels also associated with COVID-19 ARDS (49).  An IL-6R network, comprising 239 

546 genes, was generated in IPA (Supplemental Table 7A).  Each gene (node) was then colored 240 

depending on whether it was an up-regulated DEG in one or more mouse data sets (47% of the 241 

546 genes in the network), an up-regulated DEG in 1 or more human datasets (3%), an up-regulated 242 

DEG in any human and any mouse data set (27%), or not an up-regulated DEG in any human or 243 

mouse data set (23%) (Figure 4D; Supplemental Table 8).  The results again illustrated that the 244 

overlap in up-regulated DEGs for human-mouse comparisons was relatively low (27%), but also 245 

showed that DEGs were spread across the network and sub-networks, with no evidence of species-246 

specific clustering (Fig. 4D).  A heat map of log2 fold change was generated for the 546 genes in 247 

the IL-6R network Figure 4E) and a parallel map was generated to indicate which genes were 248 

DEGs (q<0.05) for each data set (Figure 4F).  Differences in gene expression patterns were again 249 
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clearly evident for human and mouse comparisons, even for genes within this dominant pathway 250 

(Figure 4E, F).   251 

 This analysis was repeated for TNF and IFNg networks, as these were also identified as 252 

dominant USRs (Figure 4A, B).  Broadly similar results emerged, with many genes only 253 

significantly up-regulated in mice, but not humans ((Supplemental Tables 7B, C and Supplemental 254 

Figures 5, 6), which might be explained by the higher levels of infection in mice (Figure 2A).  255 

However, a number of genes were up-regulated DEGs in humans, but not in mice (Supplemental 256 

Figures 5, 6; 18% for TNF and 21% for IFNg); also seen to some extent for the IL-6R network 257 

(Figure 4D, 3%).  So IL-6R, TNF and IFNg are identified as dominant pathways in both mouse 258 

and humans, yet some genes within these pathways were identified as DEGs in humans, but not in 259 

mice.  This was not primarily because these human DEGs had no orthologues in mice, as this 260 

accounted for less than 2% of these genes.  The reason these genes were not DEGs in mice was 261 

also not because they had significantly higher variance in mice (i.e. higher variance causing lower 262 

significance).  Instead these genes were not DEGs because their fold-change was significantly 263 

lower (Supplemental Figures 7, 8).    264 

 Taken together these analyses argue that, although transcriptomic responses may show poor 265 

scoDEG overlap between mice and humans, they nevertheless often indicate the activation of 266 

common pathways.  Said a different way, in mice and humans, dominant pro-inflammatory 267 

cytokines/chemokine responses appear to result in the induction of a different, only partially 268 

overlapping, set of genes within that pathway.   269 

 Differences in K18-hACE2 backgrounds for Winkler and Suhrbier studies.  Perhaps surprising 270 

was that the Winkler and Suhrbier datasets did not show a higher levels of concordance (Figure 271 

4E, F; Supplemental Figure 3B).  IPA Diseases and Functions analyses for lungs 2 dpi (where 272 

mean viral loads were similar, Figure 2A) also showed that cellular infiltrate and immune 273 

activation annotations had higher z-scores for the Suhrbier group than for the Winkler group (Table 274 

2).  The basis for these differences was unclear given both studies ostensibly used the same inbred 275 

K18-hACE2 mice supplied by the Jackson Lab, and both were infected with virus isolates 276 

belonging to the original SARS-CoV-2 strain (Table 1). 277 

 The K18-hACE2 founder line was created on a mixed C57BL/6J x SJL/J background (51).  278 

Perhaps under-appreciated is that C57BL/6J (6J) mice contain a unique loss-of-function deletion 279 

of exons 5 to 9 of the Nicotinamide nucleotide transhydrogenase (Nnt gene), whereas most mouse 280 

strains (including SJL/J mice) encode a full length Nnt gene (52).  An exact-match k-mer method 281 

targeting exon 2 and 9 of the Nnt gene was used to interrogate the RNA-Seq data from the Suhrbier 282 

and Winkler studies.  Most mice from the Suhrbier data sets had no exon 9 reads (Figure 5A), 283 

consistent with a dominant 6J background, with these mice maintained in-house as heterozygotes 284 

by repeated backcrossing onto 6J mice.  In contrast, all of the K18-hACE2 mice from the Winkler 285 

study had exon 9 reads, arguing that these mice had an intact Nnt gene and that this line had not 286 

been extensively backcrossed onto 6J.   287 

 To explore further the influence of genetic background, we undertook a single back-cross of 288 

our K18-hACE2 mice (6J background, Nnt-/-) with C57BL/6N (6N) mice (Nnt+/+), and compared 289 
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SARS-CoV-2 infection in (i) K18-hACE2 mice on 6J background (K18-hACE2 6J, Nnt-/-) with 290 

(ii) K18-hACE2 mice on a mixed 6J x 6N background (K18-hACE2 6J/6N, Nnt+/-).  Weight loss, 291 

disease scores and survival were all significantly worse in K18-hACE2 6J mice than in the K18-292 

hACE2 6N/6J mice (Figure 5B-D).  The genetic background can thus influence SARS-CoV-2 293 

induced inflammatory immunopathology in the K18-hACE2 model (Table 2); an observation 294 

consistent with a previous report that showed such a mixed background can also significantly 295 

affect an arthritic inflammatory immunopathology (52).  The Nnt gene may, at least in part, be 296 

responsible as NNT controls mitochondrial reactive oxygen species via the glutathione and 297 

thioredoxin pathways, and thus generally exerts an anti-inflammatory influence (52).  No 298 

significant differences in tissues titres were observed (Figure 5E), consistent with previous studies 299 

which also showed no detectable influence of such a mixed background on antiviral activity 300 

against an alphavirus (52).   301 

 In summary, the differences seen for the Winkler vs. Suhrbier datasets can be explained by the 302 

differences in the genetic backgrounds of the K18-hACE2 mice. 303 

 The mACE2-hACE2 mouse model.  A criticism of the K18-hACE2 mouse model has been that 304 

hACE2 expression is driven by the keratin 18 promoter, which inter alia results in a fulminant 305 

brain infection that is associated with mortality (30).  An alternative, less severe, non-lethal model 306 

of SARS-CoV-2 infection involves use of transgenic mice where expression of hACE2 is driven 307 

by the mouse ACE2 promoter (mACE2-hACE2 mice) (34).  We have independently generated 308 

this mouse model (Supplemental Figure 9A,B) and show that lung titers in mACE2-hACE2 mice 309 

were lower than those seen in K18-hACE2 mice on day 2 post infection (≈2 logs) (Figure 6A).  310 

Weight loss was also less prominent reaching ≈ 7% by day 8, with K18-hACE2 mice approaching 311 

20% by day 5 (Supplemental Figures 9C).  Importantly, although nasal turbinates are infected 312 

(Supplemental Figures 9D) there were no detectable brain infections (Figure 6A).  Lung histology 313 

shows characteristic loss of alveolar spaces, cellular infiltrates, smooth muscle 314 

hypertrophy/hyperplasia, and bronchial sloughing (Supplemental Figure 9E), although this lung 315 

pathology is less severe than that seen in K18-hACE2 mice (28).  Our mACE2-hACE2 mice thus 316 

behave similarly to those described by Bao et al. 2020 (34). 317 

 RNA-Seq of infected mACE2-hACE2 mouse lungs.  RNA-Seq analyses of SARS-CoV-2 318 

infected mACE2-hACE2 mice was undertaken for days 0, 2, 4, 6 and 10 post infection (Table 1).  319 

Expression levels of hACE2 mRNA in this model were not significantly different from those seen 320 

in K18-hACE2 mice (Figure 6B, mACE2-hACE2 and Suhrbier).  The reduced viral loads 2 dpi in 321 

mACE2-hACE2 mouse lungs (Figure 6A) and lower pathogenicity was thus not due to overall 322 

lower levels of receptor expression in lungs (Figure 6B).  hACE2 levels in the other groups (Figure 323 

6A) may not be strictly comparable as inter alia the Winkler study sequenced total RNA, the Wu 324 

study sequenced ribo-depleted RNA (rather than poly adenylated RNA), the Blanco-Melo study 325 

had low read depth (Supplemental Figure 1), and the Alfi data was derived from organoids (Table 326 

1).   327 

 The RNA-Seq analysis of infected mACE2-hACE2 mouse lungs provided a series of DEGs, 328 

with day 4 post infection providing the highest number of DEGs (Supplemental Table S9).  The 329 
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scoDEG overlap for mACE2-hACE2 (4 dpi) vs. human studies was 35% for up-regulated 330 

scoDEGs and 15% for down-regulated scoDEGs (Figure 6C).  The same comparisons for K18-331 

hACE2 Suhrbier (4 dpi) vs. human studies provided 21% and 23% (Figure 6D), and for K18-332 

hACE2 Winkler (4 dpi) vs. human studies gave 33% and 27%, respectively Supplemental Figure 333 

10A).  Thus, despite the lower vial loads (Figure 6A), overall scoDEG overlap for mACE2-hACE2 334 

mice vs. human groups, was not consistently better than those seen for K18-hACE2 mice vs. 335 

human groups.  PC1/PC2 plots support the contention that concordance between mACE2-hACE2 336 

and human groups shows no substantial improvement over K18-hACE2 vs. human groups 337 

(Supplemental Figure 10B). 338 

 The overlap for up-regulated DEGs for 4 dpi mACE2-hACE2 vs. 4 dpi K18-hACE2 was high, 339 

76% (Supplemental Figure 10C), with both strains on a 6J background.  The concordance for IPA 340 

Cytokine USRs for this comparison was also highly significant (Supplemental Figure 10D).  These 341 

data argue that the promoter that drives hACE2 expression does not play a major role in 342 

determining the nature of the inflammatory responses.  The lower overlap in down-regulated DEGs 343 

(30%, Supplemental Figure 10C) may be associated with the differences in viral loads (Figure 6A), 344 

but may also reflect different viral tropisms, given that hACE2 is driven by distinct promoters.   345 

 Pathway comparisons between infected mACE2-hACE2 and human lungs.  The number of 346 

DEGs obtained from mACE2-hACE2 infected lungs was substantially lower than that obtained 347 

from K18-hACE2 infected lungs (Supplemental Table 9 vs. Supplemental Table 1).  Nevertheless, 348 

when analyzed by IPA, inflammatory pathways again (as for K18-hACE2 mice, Figure 4A-C) 349 

showed a high level of concordance with human studies (Figure 7A-C).  Chemical Drug 350 

annotations again included dexamethasone (Figure 7C, Chemical Drug).  No annotations for 351 

Biological Drug were identified, perhaps reflecting the mild nature of SARS-CoV-2 infection and 352 

the lower number of DEGs for this model.  353 

 354 

Discussion 355 

We show herein that two mouse models of SARS-CoV-2 infection, one severe (K18-hACE2) and 356 

one mild (mACE2-hACE2), both recapitulated human gene expression quite poorly.  SARS-CoV-357 

2 infection in mouse and human lung tissues induced transcriptomic reponses that overlapped by 358 

21-35% for up-regulated scoDEGs and 15-27% for down-regulated scoDEGs (Figure 1B, 6C; 359 

Supplementary Fig10A)).  In contrast, species concordance for inflammatory pathways and 360 

immune-related signatures was highly significant (Figs. 2B, 3A,B, 4A-D and 7).  Mice and humans 361 

would thus appear to regulate individual genes within such pathways somewhat differently, but 362 

overall many of the same pathways are activated.  As dominant pathways in immunity and 363 

inflammation are the target of most COVID-19 interventions, these mouse models can be viewed 364 

as providing representative and pertinent models for pre-clinical assessments of new interventions.   365 

 The K18 promoter in K18-hACE2 mice drives receptor expression in cells that ordinarily would 366 

not express ACE2 (19).  The mACE2-hACE2 mice might be viewed as more physiologically 367 

relevant, in that receptor expression is restricted to cells where the mACE2 promoter is active.  368 

Brain infection is therefore ostensibly lost in mACE2-hACE2 mice presumably because 369 
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neuroepithelial cells (53) do not express hACE2.  Perhaps surprisingly, the lower levels of viral 370 

infection in the lungs in mACE2-hACE2 mice was not associated with lower overall hACE2 371 

mRNA expression levels (Figure 6B).  One might speculate that in K18-hACE2 mice, certain lung 372 

cells aberrantly express ACE2 and become infected (54, 55)} leading to higher viral loads.  Either 373 

way, the poor overlap in DEGs for K18-hACE2 groups and human studies was not demonstrably 374 

due to hACE2 expression being driven by the non-physiological K18 promoter, as the poor overlap 375 

was largely retained for mACE2-hACE2 mice.  Furthermore, the inflammatory responses seen in 376 

infected mACE2-hACE2 and K18-hACE2 lungs were very similar (Supplemental Figure 10D), 377 

arguing that the promoter is also not a major factor in determining the nature of the inflammatory 378 

responses.  379 

 There are clearly a number of limitations for this kind of analysis.  Unavoidable is the issue of 380 

single copy orthologues, which comprised 63-77% of genes identified by RNA-Seq in lung tissues.  381 

This issue is less of a problem for pathway analyses when using programs such as IPA that accept 382 

both human and mouse gene nomenclature.  The different sources of tissues and the different 383 

technologies used to generate gene expression data (Table 1) likely add to non-biological 384 

variability, although this was perhaps mitigated herein by combining multiple human and mouse 385 

studies.  The large differences in viral loads between some groups (Figure 2A) would appear to 386 

play a role in the poor concordance in gene expression profiles, particularly for human groups and 387 

down-regulated genes.  However, analyses of K18-hACE2 (high viral load) and mACE2-hACE 388 

(lower viral loads) argued that the difference in viral loads was not a major player in the poor 389 

overlap in up-regulated orthoDEGs for mouse vs. human groups.  390 

 In summary, the analyses herein argue that overlap in orthoDEG expression in the lung tissues 391 

of hACE2-transgenic mice and humans after SARS-CoV-2 infection is generally poor.  In contrast, 392 

the concordance in immune and inflammation pathways was high, arguing that the transgenic 393 

mouse models provide relevant and pertinent models in which to evaluate new interventions for 394 

SARS-CoV-2 and COVID-19.    395 

 396 

Methods 397 

Ethics statement and regulatory compliance.  All mouse work was conducted in accordance with 398 

the “Australian code for the care and use of animals for scientific purposes” as defined by the 399 

National Health and Medical Research Council of Australia.  Mouse work was approved by the 400 

QIMR Berghofer Medical Research Institute animal ethics committee (P3600, A2003-607).  For 401 

intrapulmonary inoculations via the intranasal route, mice were anesthetized using isoflurane.  402 

Mice were euthanized using CO2.   All infectious SARS-CoV-2 work was conducted in a dedicated 403 

suite in a biosafety level-3 (PC3) facility at the QIMR Berghofer MRI (Australian Department of 404 

Agriculture, Water and the Environment certification Q2326 and Office of the Gene Technology 405 

Regulator certification 3445). 406 

 Virus preparation.  The SARS-CoV-2 isolate (hCoV-19/Australia/QLD02/2020) was kindly 407 

provided by Dr Alyssa Pyke and Fredrick Moore (Queensland Health Forensic & Scientific 408 

Services, Queensland Department of Health, Brisbane, Australia).  The virus sequence is deposited 409 
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at GISAID (https://www.gisaid.org/) (29).  Virus stocks were prepared in Vero E6 cells as 410 

described (29) and were checked for mycoplasma as described (56).  The fetal calf serum used for 411 

propagation of cells and virus was checked for endotoxin contamination as described (57).  412 

 K18-hACE2 mice.  K18-hACE2+/- mice were purchased from Jackson laboratories and were 413 

maintained in-house as heterozygotes by backcrossing to C57BL/6J mice (27, 28).  Mice were 414 

typed as described (29) using hACE2 Primers: Forward: 5’-CTT GGT GAT ATG TGG GGT AGA 415 

-3’; Reverse: 5’-CGC TTC ATC TCC CAC CAC TT -3’ (recommended by NIOBIOHN, Osaka, 416 

Japan).  417 

 mACE2-hACE2 mice.  These mice were generated by Monash Genome Modification Platform 418 

(MGMP), Monash University and are freely available through Phenomics Australia (MGMP code 419 

ET26).  Briefly, the mouse BAC clone RP23-152J15 was obtained from BACPAC Genomics and 420 

was used to generate a mACE2 promoter subclone.  hACE2 cDNA with a polyA tail was cloned 421 

into mACE2 promoter subclone.  The hACE2 (ENSG00000130234) sequence was codon 422 

optimized for mouse expression and was ordered as a synthetic cDNA with homology arms 423 

(GeneArt).  The transgenic construct contained the mACE2 promoter and hACE2 followed by a 424 

poly A (Supplemental Figure 9A).  A maxiprep was then digested with Asc1 and the extracted 425 

10,062 fragment (2.5 ng/ml) microinjected into the pronucleus of C57BL/6J zygotes at the 426 

pronuclei stage.  Injected zygotes were transferred into the uterus of pseudo pregnant F1 females.  427 

 Mice were genotyped using the following primers 5’-TCC GGC TGA ACG ACA ACT CC -428 

3’, 5’-TAT GTT TCA GGT TCA GGG GGA GG -3’.  Cycling conditions were: 1 cycle at 94°C 429 

for 3 mins; 35 cycles of 94°C for 30 secs, 60°C for 30 secs, and 72°C for 1 mins; and 1 cycle of 430 

72°C for 10 min followed by cooling to 4°C.  Fragments were run on a gel with a 374 bp band 431 

indicating the presence of the transgene (Supplemental Figure 9B).  The mACE2-hACE2 mouse 432 

line was maintained in-house as heterozygotes by backcrossing onto C57BL/6J mice.   433 

 Mouse infections.  Mice were infected intrapulmonary via the nasal route with 5×104 CCID50 434 

of virus in 50 μl medium while under light anesthesia; 3% isoflurane (Piramal Enterprises Ltd., 435 

Andhra Pradesh, India) delivered using The Stinger Rodent Anesthesia System (Advanced 436 

Anaesthesia Specialists/Darvall, Gladesville, NSW, Australia). 437 

 Mice were scored daily on a scale of 0-3 according to posture, activity, fur ruffling, and fever. 438 

For all criteria, the normal condition was designated as 0.  For posture, hunching only while at rest 439 

was designated as 1, moderate hunching with some impairment of normal movement was 440 

designated as 2, and severe hunching with difficulty in maintaining upright posture was designated 441 

as 3.  For activity, a mild to moderate decrease was designated as 1, stationary unless stimulated 442 

was designated as 2, and reluctant to move even if stimulated was designated as 3.  For fur ruffling 443 

and fever, mild to moderate fur ruffling was designated as 1, severe ruffling was designated as 2, 444 

and shivering was designated as 3.  Any animal reaching a level of 3 in any single criterion was 445 

euthanized, and any animal reaching a level of 2 in two or more criteria was euthanized. 446 

 Body weight was measured daily.  Viral titrations were performed at 5 days post-infection with 447 

a CCID50 assay using Vero E6 cells and serial dilution of supernatants from homogenized tissues 448 

as described previously (29).   449 
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 Gene expression analysis.  Suitable human and mouse COVID-19 transcriptome datasets were 450 

identified by searching the National Centre for Biotechnology Information Sequence Read Archive 451 

(NCBI-SRA) via the BigQuery platform using the command: ‘SELECT distinct m.bioproject 452 

FROM nih-sra-datastore.sra.metadata as m, UNNEST (m.attributes) as a WHERE ( 453 

m.organism='Homo sapiens' OR m.organism='Mus musculus') AND assay_type='RNA-Seq' AND  454 

( ( a.v LIKE 'SARS%2') OR (a.v LIKE 'COVID%') )’.  The search was also extended to include 455 

micro-array data and non-publicly available data by searching the NCBI-PubMed database using 456 

search terms: ‘COVID’ and ‘SARS’.  Microarray data relating to Ackermann et al. (2020) were 457 

accessed via the Vivli Centre for Global Clinical Research Data.  458 

 Raw sequence data for Winkler, Wu, Blanco-Melo and Alfi groups (see Table 1) were accessed 459 

from SRA using fasterq-dump from SRA-toolkit.  Quality control of fastq files was performed 460 

using FastQC v0.11.9 (58).  Adapter sequences were identified using BBmerge from the BBmap 461 

package v38.90 (59), and FastQC.  Reads were trimmed to remove adapter content, size-selected 462 

to remove reads less than 36nt in length, and quality-filtered to remove reads with less than a Q20 463 

Phred score within a sliding-window tetramer, using Trimmomatic v0.36 (60).  Processed reads 464 

were aligned to either the GRCm39 vM26 or GRCh38 v37 reference genome for mouse and human 465 

datasets, respectively, using STAR aligner v2.7.1a (61).  Prior to alignment, each reference 466 

genome was augmented to include the NC_045512 SARS-Cov-2 Wuhan-Hu-1 viral genome.  The 467 

number of reads mapping to SARS-CoV-2 was calculated using Samtools v1.9 (62).  For paired-468 

end datasets, only primary proper pairs were counted. Host gene expression was calculated using 469 

RSEM v1.3.1 (63) and differential expression was calculated using Bioconductor v3.13 (64) and 470 

EdgeR v3.34.0 (65) in R v4.1.0 (66).  Genes with read coverage of less than 2 counts per million 471 

were excluded from all further analyses.  Mouse-human orthologues were extracted from the 472 

Ensembl database using BiomaRt v2.48.2 (67) in R.  Following read-alignment, it was noted that 473 

the Blanco-Melo et al. data had very low sequencing depth in COVID-19 infected samples.  474 

Therefore, gene expression data were obtained from Supplementary Table 6 of Blanco-Melo et al. 475 

(38).  476 

 Approximately 20% of human-mouse orthologues have gene IDs that differ between species.  477 

Prior to performing any cross-species comparison of scoDEGs, all mouse IDs were changed to 478 

human.  Overlap between groups for DEGs and scoDEGs was calculated in R and plotted using 479 

Eulerr v6.1.0 (68) in R.  Pearson’s correlation of log2 fold-changes using the union of scoDEGs 480 

for each pairwise combination of groups was calculated in R.  In instances where data was missing 481 

for a scoDEG in one group (due to failing CPM >2 threshold for RNA-Seq data or being absent 482 

from the immune gene panel for Ackermann data), the scoDEG was excluded from that pairwise 483 

correlation.  The proportion of up- and down-regulated DEGs and scoDEGs shared between 484 

groups was calculated in R and plotted using ggVennDiagram v1.1.4 (69) in R.  Mean mouse log2 485 

fold-change and mean human log2 fold-change were compared by Pearson’s correlation using 486 

scoDEGs that were significant in at least one human group and/or at least one mouse group.  In 487 

instances where data was missing for a scoDEG in a particular group, log2 fold-change of that 488 

scoDEG was made zero for that group.  489 
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 Reciprocal gene set enrichment analysis. For each group, a log2 fold-change ranked gene list 490 

was produced using DESeq2 (70) with default settings. Also for each group, orthoDEG sets were 491 

filtered to retain only the top 50% of orthoDEGs when ranked according to absolute log2 fold 492 

change. For all ranked gene lists and filtered orthoDEG sets, gene IDs of mouse-human 493 

orthologues were standardized by substituting mouse IDs for their human equivalent where gene 494 

IDs differed between species. A Gene Set Enrichment Analysis using GSEA v4.1.0 (40) with 100 495 

permutations and the ‘no_collapse’ setting was used to test for enrichment of filtered orthoDEG 496 

sets within ranked gene lists.   497 

 Immune-SigDB gene set enrichment analysis. For each group, log2 fold change ranked gene 498 

lists were produced as described above, except that no standardization was performed on gene IDs 499 

of mouse-human orthologues. The Immune-SigDB v7.4 (15A) gene set collection comprising 500 

5219 immune-related gene sets was obtained from the Molecular Signatures Database (71). A gene 501 

set enrichment analysis was performed as described above to test for enrichment of Immune-502 

SigDB gene sets within ranked gene lists. Any gene set not found to be significantly enriched in a 503 

particular ranked gene list was given a NES of zero for that group.   504 

 Pathway analysis.  Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) 505 

v65367011 (Qiagen) with default settings.  Data were plotted using pheatmap v1.0.12 (72) and 506 

ggplot2 v3.3.3 (73) in R.  Gene networks were constructed using USR output and the My Pathways 507 

tool in IPA.  For each of the IL-6R, TNF, and IFNg USRs, a list of ‘Molecules in dataset’ was 508 

obtained for each group.  ‘Molecules in dataset’ from each group were then concatenated to create 509 

a single molecule list related to each of the three USRs of interest.  Each molecule list was used as 510 

input to the My Pathways tool.  Starting with each USR, the ‘Build/Grow’ function was used to 511 

identify direct and indirect downstream relationships between that USR and any of the molecules 512 

in its respective molecule list.  The following parameters were set as follows: ‘Data Sources’ was 513 

set to all; ‘Confidence Level’ was set to ‘Experimentally observed’; ‘Species’ was set to human 514 

and mouse; all ‘Tissues and Cell Lines’ were selected except for those relating to cancer; all 515 

‘Relationship Types’ were selected.  To identify targets of transcription factors, a second round of 516 

‘Build/Grow’ was performed in same manner as the first except that only direct relationships were 517 

allowed, and relationships had to include the transcription factors identified in the first round of 518 

‘Build/Grow’.  Each network was then exported in tabular format and plotted using Cytoscape 519 

v3.8.2 (74).  520 

 Nnt genotyping.  Mouse RNA-Seq data were interrogated for the presence of exon two and nine 521 

of the nicotinamide nucleotide transhydrogenase (Nnt) gene as described (52) using Repair and 522 

BBduk from the BBmap package v38.90.  Reads containing at least one 31-mer exactly matching 523 

either exon were counted as belonging to that exon.  If one member of a read pair matched an 524 

exon, the other member was also counted as a match.  525 

 Statistics.  Statistics were performed using IBM SPSS Statistics for Windows, version 19.0.  526 

For gene expression data a Pearson’s correlation test was used when the number of observations 527 

was high (>1000) in accordance with the central limit theorem, or residuals were normally 528 

distributed (Shapiro-Wilk test and quantile-quantile plot); otherwise the Spearman’s rank test was 529 
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used.   530 

 For mouse data (weight change, disease scores, virus titers) the non-parametric Kolmogorov–531 

Smirnov or Kruskal-Wallis tests were used as the data was not normally distributed (i.e. 532 

differences in variance was >4, skewness < -2, and/or kurtosis was >2).  Survival was compared 533 

between two groups using a log rank test.   534 
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Figure legends 565 

 566 

Figure 1: Mouse and human expression data sources and degree of concordance between 567 

species. (A) DEGs from lungs/lung tissues infected with SARS-CoV-2 were identified in K18-568 

hACE2 mouse and human studies (n= number of DEGs).  DEGs were generated from original 569 

RNA-Seq data provided herein (New Data), re-analyzed from previously published RNA-Seq data 570 

(Fastq files re-analysed), or were obtained from publications (published DEG lists).  All but one 571 

dataset were derived from RNA-Seq and one was derived from a microarray study.  Green - non-572 

orthologous between mouse and human.  Orange - with one or both species having multiple 573 

orthologues.  Purple - both species having a single copy orthologue.  A total of 9 Groups (5 K18-574 

hACE2 and 4 human) were considered in the subsequent analyses.  (B) The union of all K18-575 

hACE2 scoDEGs was used to compare mouse and human for up- and down-regulated scoDEGs.  576 

‘n’ refers to the number of scoDEGs for each group.  Percentages within the Venn diagram (gray 577 

boxes) show the percentage of scoDEGs exclusive to that group (i.e. a scoDEG in that group but 578 

no other group) (e.g. 1752/2216 x 100 = 79%).  The boxed overlap percentages represent the 579 

percentage of mouse scoDEGs that are also scoDEGs in one or more human studies (e.g. 2216-580 

1752/2216 x 100 ≈ 21% for up-regulated scoDEGS and 1119-1397/1397 x100 ≈20% for down-581 

regulated scoDEGs).  (C) Pearson correlation of mean log2FC changes of single-copy orthologues 582 

that were DEGs in either any mouse group or any human group or both.  (D) Pearson correlation 583 

of mean log2FCs of single-copy orthologues that were DEGs in both one or more mouse groups 584 

and one or more human groups.  ScoDEGs that had inconsistent mean expression between species 585 

(i.e. were upregulated in one species and down-regulated in another) are shown yellow.  The 586 

percentage of scoDEGs with inconsistent expression (yellow boxes) is provided relative to the 587 

total number of scoDEGs. 588 

 589 

Figure 2: Viral reads and reciprocal GSEAs. (A) For each sample, the number of reads aligned 590 

to the SARS-CoV-2 genome are shown as a percentage of the total number of reads that align to 591 

all protein coding genes (filled circles).  Cross-bars represent the mean for each group.  (B) 592 

Pairwise reciprocal GSEAs showing enrichment of up- or down-regulated orthoDEG sets in 593 

log2FC ranked gene lists for all possible pair-wise comparisons between groups (i.e. 128 594 

combinations; 3 human and 5 mouse ranked gene lists vs. 4 human and 5 mouse orthoDEG lists).  595 

Circles and crosses are colored according to direction of the GSEA (e.g. green = mouse orthoDEG 596 

sets vs. ranked human gene lists).  Fractions show the proportion of orthoDEG sets that are 597 

significantly enriched with consistent directionality (e.g. “UP=13/15” indicates that, of 15 GSEAs 598 

using up-regulated orthoDEG sets, 13 showed significant enrichment with positive NES).   599 

 600 

Figure 3. Gene Set Enrichment Analysis of immune-cell related gene sets. (A) Gene sets from 601 

the GSEA Immune Signatures Database (ImmuneSigDB) were used to interrogate log2FC ranked 602 

gene lists from all groups.  A total of 2879 GSEAs were significantly enriched in at least one 603 

group, and were clustered according to cell-type.  Within each cell-type cluster, Gene sets were 604 
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ranked according NES for Suhrbier 4 dpi.  (B) Pearson’s correlation of mean mouse NES for 2879 605 

ImmuneSigDB gene sets vs. the mean human NES for the same gene sets.  (C) The Wu and 606 

Blanco-Melo DEGs were analysed by IPA Diseases and Functions.  The top 10 annotations that 607 

had the greatest differences in z-scores between Wu and Blanco-Melo are shown, ranked by 608 

difference.  A z-score of 0 means the annotation was not identified as significant by IPA.   609 

 610 

Figure 4: Cytokine/chemokine and drug USR concordances between humans and K18-611 

hACE2 mice. (A) DEGs from each group were analysed by IPA upstream regulator (USR) feature.  612 

The heatmap shows the top 50 of cytokine/chemokine USRs ranked by activation z-scores from 613 

the Winkler 4 dpi data.  (B) Heatmap comparing groups as in A, except ranked according to z-614 

score from the Wu data.  (C) Cytokine/chemokine – Pearson correlation of mean mouse z-scores 615 

vs. mean human z-scores for significant Cytokine/chemokine USRs (n=121).  Chemical drugs – 616 

Spearman correlation of mean mouse z-scores vs. mean human z-scores for significant Chemical 617 

drug USRs (n=624).  Biologic drugs - Pearson correlation of mean mouse z-scores vs. mean human 618 

z-scores for significant Cytokine/chemokine USRs (n=59).  For calculating means, non-significant 619 

USRs were given a value of zero, thus means were derived from n=5 for mouse groups and n=4 620 

for human groups.  (D) Network of 546 genes associated with IL-6R signaling according to IPA.  621 

Node color indicates whether a gene was up-regulated in mouse only (purple; >1 mouse group, 622 

and no human group), human only (green; >1 human group, and no mouse group), both (orange; 623 

>1 mouse and >1 human group), or not up-regulated in any group (grey).  Large sub-networks are 624 

labeled according to their hub node.  (E) Heatmap comparing groups according to log2 fold-change 625 

(log2FC) of 546 genes associated with the IL-6R signaling network.  Genes are ranked according 626 

to log2FC in Wu.  (F) Categorical “heatmap” with genes ordered as in E, with up-regulated DEGs 627 

shown in red, down-regulated DEGs in blue, and genes whose expression was not significantly 628 

different (NS) in grey.  The number of IL-6R network genes that were DEGs is shown for each 629 

group as a percentage of the total number of DEGs.  The total number of DEGs is also provided 630 

(n). 631 

 632 

Figure 5: Genetic background of K18-hACE2 mice and disease progression. (A) For each 633 

sample of the Suhrbier and Winkler datasets, the number of read pairs originating from exon 9 and 634 

exon 2 of the Nnt gene are shown as green and purple bars, respectively.  (B) Change in body 635 

weight over five days following SARS-CoV-2 infection is shown as a percentage of starting body 636 

weight for K18-hACE2 6J and K18-hACE2 6J/6N mice; p-values indicate significant difference 637 

between means at 3 and 4 dpi (Kruskal-Wallis tests, n=5 per group).  (C) Three disease score 638 

parameters (activity, posture and fur ruffling) over six days following SARS-CoV-2 infection is 639 

shown for K18-hACE2 6J and K18-hACE2 6J/6N mice.  Statistics for 5 dpi for all 3 parameters 640 

by Kolmogorov-Smirnov tests (n=5 per group).  (D) Kaplan-Meier curves showing survival for 641 

K18-hACE2 6J and K18-hACE2 6J/6N mice following SARS-CoV-2 infection.  Significance by 642 

log rank test (n=5 per group).  (E) Log10CCID50/g in brain, lung and nasal turbinate for K18-643 

hACE2 6J and K18-hACE2 6J/6N mice 5 dpi with SARS-CoV-2.  6J data was derived from 2 644 
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independent experiments.  Differences between K18-hACE2 6J and K18-hACE2 6J/6N mice for 645 

any tissue were not significance. 646 

 647 

Figure. 6. The mACE2-hACE2 mouse model (A) Lung and brain viral tissue titers at the 648 

indicated days post infection.  All infected K18-hACE2 mice reach ethically defined endpoints for 649 

euthanasia (weight loss >20%) by day 5.  None of the mACE-hACE2 mice reach ethically defined 650 

endpoints for euthanasia.  Mean lung titers on day 2 were 2.2 log10CCID50 lower in mACE2-651 

hACE2 mice compared to (Suhrbier) K18-hACE2 mice (p=0.016, Kolmogorov-Smirnov test).  (B) 652 

hACE2 reads normalized to Rpl13a reads for all mACE2-hACE2, K18-hACE2 and human lung 653 

samples.  Cross-bars represent group means + standard error.  (C) Venn-diagrams show overlap 654 

in up- and down-regulated scoDEGs between mACE2-hACE2 4 dpi mice and the four human 655 

groups.  Percentages within the Venn diagram (grey boxes) show the percentage of scoDEGs 656 

exclusive to that group (i.e. a scoDEG in that group, but in no other group).  The boxed overlap 657 

percentages represent the percentage of 4 dpi mouse scoDEGs that are also scoDEGs in one or 658 

more human studies (e.g. 180-117/180 x 100 ≈ 35% for up-regulated scoDEGS and 94-80/94 x100 659 

≈15% for down-regulated scoDEGs).  (D) As for C showing overlaps in up- and down-regulated 660 

scoDEGs between K18-hACE2 Suhrbier 4 dpi and the four human groups.  Percentages as in C.   661 

 662 

Figure 7: Cytokine/chemokine and drug USR concordances between mACE2-hACE2 mice 663 

and humans. (A) Heatmap comparing mACE2-hACE2 mouse groups with human groups for IPA 664 

cytokine/chemokine USRs ranked by activation z-score in mACE2-hACE2 4 dpi.  (B) Heatmap 665 

comparing groups as in A, except ranked according to z-score in Wu, as a representative of human 666 

groups.  (C) Pearson correlation of mean mouse vs. mean human z-scores for significantly 667 

enriched cytokine/chemokine USRs (n=22), and chemical drug USRs (n=30).  Blue line shows 668 

linear regression with 95% confidence intervals (grey).  669 

 670 

  671 
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Study 

name 
Species 

Dataset 

source 
Lung Tissues Method Platform 

Re-

analysed  
Notes 

Winkler  

2, 4 & 7 

dpi 

Mouse  

(K18-

hACE2) 

PRJNA645133 

SARS-CoV-2 vs 

mock infected 

lung 

RNA-Seq 

(poly-A 

selected) 

Illumina 

NovaSeq 

6000 

Y 

2.5x104 p.f.u. 

n=4-6 per 

group 

Suhrbier 

2 & 4 

dpi 

Mouse  

(K18-

hACE2) 

PRJNA767499 

PRJEB43658 

SARS-CoV-2 vs 

mock infected 

lung 

RNA-Seq 

(poly-A 

selected) 

Illumina 

NextSeq 

500 

Y 

5x104 CCID50 

n=4-6 per 

group 

mACE2-

hACE2  

2, 4, 6 & 

10 dpi 

Mouse 

(mACE2

-hACE2) 

PRJNA767499 

SARS-CoV-2 vs 

mock infected 

lung 

RNA-Seq 

(poly-A 

selected) 

Illumina 

NovaSeq 

6000 

Y 

5x104 CCID50 

n=3/4 per 

group 

Wu Human PRJNA646224 

Formalin fixed 

paraffin embed-

ed post mortem 

COVID-19 vs 

control biopsies 

RNA-Seq 

(rRNA-

depleted) 

Illumina 

NextSeq 

550 

Y 

Infected n=9, 

Control n=10.  

Medicated. 

Alfi  Human PRJNA688321 

Ex vivo 3D lung 

organ cultures, 

infected vs 

mock 

RNA-Seq 

(poly-A 

selected) 

Illumina 

NextSeq 

500 

Y 
Infected n=10 

Control n=10 

Blanco-

Melo  
Human PRJNA615032 

Formalin fixed 

post mortem 

COVID-19 vs 

control lung 

RNA-Seq 

(poly-A 

selected) 

Illumina 

NextSeq 

500 

N 

Infected n=2 

Control n=2 

4 RNA-Seq lib-

raries for each.  

Acker-

mann  
Human 

Vivli Center for 

Clinical 

Research Data 

Formalin fixed 

post mortem 

COVID-19 vs 

control lung  

Nano-

String 

nCounter® 

Inflamma-

tion Panel 

N 

Infected n=7, 

Control n=10 

Alveolar 

damage noted 

 672 

Table 1: Origins of human and K18-hACE2 gene expression datasets.  K18-hACE2 mouse 673 

studies from two independent laboratories provided five data sets from lungs of SARS-CoV-2-674 

infected K18-hACE2 mice.  Mouse data covered 3 time points representing days post infection 675 

(dpi).  Four independent human studies provided three gene expression datasets from SARS-676 

CoV-2-infected lungs, and one from 3D lung organ culture infected ex vivo with SARS-CoV-2.  677 

The Ackerman study analysed expression of 249 mRNAs associated with inflammation.  All 678 

infections were with SARS-CoV-2 isolates belonging to the original or ancestral lineage.  PRJ 679 

prefixed annotations represent NCBI Bioproject accession numbers.  Reanalysis means raw fastq 680 

files were re-analyzed for this study using STAR, RSEM and EdgeR.   681 

 682 

 683 

 684 

  685 
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Diseases and Functions 
Suhrbier z-

score 

Winkler z-

score 
Delta z 

Homing of leukocytes 5.937 0 5.937 

Recruitment of blood cells 5.72 0 5.72 

Phagocytosis of leukocytes 5.499 0 5.499 

Metabolism of reactive oxygen species 5.33 0 5.33 

Homing of granulocytes 5.228 0 5.228 

Chemotaxis of granulocytes 5.228 0 5.228 

Stimulation of cells 4.991 0 4.991 

Homing of neutrophils 4.827 0 4.827 

Maturation of blood cells 4.719 0 4.719 

Migration of lymphatic system cells 4.606 0 4.606 

Endocytosis by eukaryotic cells 4.582 0 4.582 

Cell viability of blood cells 4.518 0 4.518 

Cytotoxicity of cells 4.451 0 4.451 

Activation of lymphatic system cells 4.308 0 4.308 

Cell viability of leukocytes 4.276 0 4.276 

Activation of granulocytes 4.116 0 4.116 

Differentiation of T lymphocytes 4.069 0 4.069 

Inhibition of blood cells 4.057 0 4.057 

Binding of endothelial cells 4.02 0 4.02 

Response of lymphocytes 4.016 0 4.016 

Adhesion of immune cells 6.73 2.722 4.008 

Recruitment of lymphocytes 3.98 0 3.98 

Adhesion of blood cells 6.635 2.66 3.975 

Replication of Flaviviridae 0 -3.959 3.959 

Binding of blood cells 6.836 2.888 3.948 

Homeostasis of leukocytes 3.865 0 3.865 

Cell movement of lymphatic system cells 3.849 0 3.849 

Inhibition of cells 3.83 0 3.83 

Degranulation 3.826 0 3.826 

 686 

Table 2: IPA ‘Diseases and Functions’ differences between Suhrbier 2 dpi vs. Winkler 2 dpi.  687 

DEGs for Suhrbier 2 dpi vs. Winkler 2 dpi. were separately analysed by Diseases and Functions 688 

feature of IPA.  Diseases and Functions were ranked by the difference in z-scores (Delta z), with 689 

the top 30 with the largest differences shown.  Any Diseases and Functions that were not 690 

significant were nominally given a z-score of 0.  Diseases and Functions associated with leukocyte 691 

migration are highlighted in grey.  On 2 dpi viral loads in lungs were comparable for Suhrbier and 692 

Winkler.   693 

  694 
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