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SUMMARY

Ebola virus (EBOV), a major global health concern, causes severe, often fatal EBOV disease 

(EVD) in humans. Host genetic variation plays a critical role, yet the identity of host susceptibility 

loci in mammals remains unknown. Using genetic reference populations, we generate an F2 

mapping cohort to identify host susceptibility loci that regulate EVD. While disease-resistant mice 

display minimal pathogenesis, susceptible mice display severe liver pathology consistent with 

EVD-like disease and transcriptional signatures associated with inflammatory and liver metabolic 

processes. A significant quantitative trait locus (QTL) for virus RNA load in blood is identified 

in chromosome (chr)8, and a severe clinical disease and mortality QTL is mapped to chr7, which 

includes the Trim5 locus. Using knockout mice, we validate the Trim5 locus as one potential 

driver of liver failure and mortality after infection. The identification of susceptibility loci provides 

insight into molecular genetic mechanisms regulating EVD progression and severity, potentially 

informing therapeutics and vaccination strategies.

Graphical abstract

In brief

Schäfer et al. use a genetic screening platform based on the collaborative cross (CC) to 

identify and elucidate the role of the Trim5 locus during Ebola virus (EBOV) infection and the 

development of EBOV disease (EVD) in mice.
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INTRODUCTION

Infectious diseases exert considerable pressure on the sequence and genetic structure of 

mammalian genomes, and host genetic variation is known to influence disease susceptibility, 

progression, and severity.1 Despite this association, the specific genes and natural allele 

variants underlying the different disease outcomes to viral infections remain largely 

unknown in mammals, especially for sporadic emerging zoonotic viruses, such as Ebola 

virus (EBOV).

EBOV, first identified in 1976 in Zaire (today the Democratic Republic of the Congo 

[DRC]), has repeatedly re-emerged and caused severe human outbreaks of EBOV disease 

(EVD) in Sub-Saharan Africa.2 The 2013–2016 epidemic in West Africa was the most 

significant to date as the outbreak emerged in a population-dense area. Human EVD 

symptoms range from a mild array of non-specific symptoms to severe hemorrhagic 

multiorgan disease with high mortality, suggesting the potential for interhost genetic 

control.2 In the aftermath of the West African EVD epidemic, two vaccine modalities were 

approved by US and European authorities. The vesicular stomatitis virus (VSV)-based and 

adenovirus/modified vaccinia Ankara-based EBOV vaccines were approved in 2019 and 

2020, respectively3–7 and used to protect targeted populations in the DRC against EVD 

during the largest EVD outbreak there in 2018/2019.8 In parallel, two different antibody 

therapies (REGN-EB3 and mAb144) have been approved to treat EVD.9–12 Consequently, 

the impact of recent EVD outbreaks in the DRC have been minimized using antibody 

therapies and vaccines.13 Despite these advances, further understanding of the host pathways 

and susceptibility loci that drive differential disease after infection could lead to improved 

therapeutics and diagnosis of at-risk individuals.

Non-human primates (NHPs) are considered the gold-standard model of EBOV 

pathogenesis as infection best recapitulates human EVD.14 However, NHPs often come with 

ethical concerns and are associated with high expense. As more practical animal models 

were needed, EBOV was mouse adapted (MA-EBOV) by serial passage in progressively 

older suckling mice, resulting in the MA-EBOV strain.15 Depending on the mouse strain, 

MA-EBOV infection can lead to a robust pro-inflammatory response, extensive and systemic 

organ damage, and widespread lymphocyte apoptosis. However, MA-EBOV infection does 

not reproduce other important hallmarks of EVD, including tissue fibrin deposition and 

coagulopathy in classic laboratory mouse strains.16

To overcome these challenges, we used the natural variation in the Collaborative Cross 

(CC), a recombinant inbred mouse genetic reference population, as a platform to identify 

pathogen susceptibility loci and genes that regulate EVD in rodents.17 The CC platform 

has successfully identified the conservation of a syntenous locus/genes that are encoded 

in human and mice, which regulate Sarbecovirus (severe acute respiratory syndrome 

coronavirus [SARS-CoV] and SARS-CoV-2) pathogenesis.18,19 As natural host genetic 

variation in the CC has previously been shown to regulate EVD susceptibility,20 we further 

identified CC recombinant inbred (RI) mouse models that not only replicated the range 

of human EVD disease phenotypes (e.g., asymptomatic to hemorrhagic disease/death) but 
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provided models to identify polymorphic host loci that potentially regulate disease outcomes 

across diverse mammalian hosts.

In this study, we generated an intercross mapping population from two CC RI mouse strains 

and identified a significant susceptibility locus on chromosome 8 associated with viral 

RNA load in blood. Moreover, a second susceptibility locus was identified on chromosome 

7 (chr7) that is significantly associated with EVD-like disease severity, weight loss, and 

mortality in mice. After narrowing the locus to a region that included the Trim5 paralogous 

gene cluster (six closely related Trim5 homologs: Trim12a and Trim12c, Trim30a, Trim30b, 

Trim30c, and Trim30d21–23), we deleted this Trim5 locus in the mouse. After infection, 

Trim5 locus-deficient mice (Trim−/−) developed less severe EVD-like disease with reduced 

mortality compared to wild-type littermates. Whole-genome expression and polymorphism 

analyses of these F2 animals identified the potential function of the wild-type Trim5 locus as 

a driver of exacerbated inflammatory (“cytokine storm”) and key liver metabolic responses, 

such as the activation of the nuclear factor κB (NF-κB) pathway, inflammation, bile acid 

metabolism, and fatty acid metabolism. Disruption of the Trim5 cluster was associated 

with less clinical disease and liver pathology and increased survival. Improved clinical 

outcomes were associated with significant reductions in the expression of genes associated 

with severe liver disease, such as bile acid metabolism, fatty acid metabolism, oxidative 

phosphorylation, and coagulation pathways. In addition to other genes and susceptibility 

loci, these experiments highlight a role for the Trim5 locus in EBOV pathogenesis, perhaps 

by regulating liver failure, while also emphasizing the utility of CC mouse models to 

decipher complex disease traits in mammals.

RESULTS

CC strains demonstrate different EVD-like disease after MA-EBOV infection

Natural genetic variation between mouse strains influences infection outcomes across 

an array of pathogens.18–20,24–26 Guided in part by earlier EBOV CC RI-F1 intercross 

outcomes,20 we characterized the impact of natural host genetic variation on susceptibility 

to MA-EBOV infection and EVD-like disease in CC RI parent strains. To identify 

EVD resistant and susceptible strains, we infected groups of female mice from eight 

different parental CC RI mouse strains (CC001/Unc, CC002/Unc, CC004/TauUnc, CC011/

Unc, CC021/Unc, CC051/TauUnc, CC061GeniUnc, and CC074/Unc, hereafter referred to 

without suffixes) intraperitoneally (i.p.) with 100 focus-forming units (ffu) of MA-EBOV 

(Figure 1). We identified four CC mouse strains (CC011, CC021, CC051, and CC061) 

that developed mild to moderate EVD-like disease (Figures 1A and 1B). In addition, 

we identified four other CC mouse strains (CC01, CC002, CC004, and CC074) that 

demonstrated high susceptibility to EBOV infection and signs of EVD-like disease, as 

shown by rapid weight loss (~20% by 6 dpi) and uniform mortality (Figures 1C and 1D).

We then selected CC011 (resistant) and CC074 (susceptible) as the contrasting parental 

strains for an F2 mapping population with the goal to identify genetic loci that contribute 

to EVD-like disease during acute infection. During the generation of a large F2 mapping 

population, we conducted in-depth phenotyping of MA-EBOV infection in the parental 

CC011 and CC074 mice. We infected additional mice of both sexes, which were necropsied 

Schäfer et al. Page 4

Cell Rep. Author manuscript; available in PMC 2024 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6 days post infection (dpi) to investigate changes in weight loss (Figure 2A), survival (Figure 

2B), liver EBOV ffu equivalents (Figure 2C), and gross pathology of the liver (Figure S1A).

Consistent with earlier assessments, neither male nor female CC011 mice showed clinical 

signs of disease, showing minimal weight loss and little to no evidence of gross pathology 

changes in the liver (Figures 1A and 1B; Figures 2A; S1A). In contrast, infection of 

CC074 mice resulted in signs of EVD-like disease with only a few survivors (~10%, only 

male mice) (Figures 1C and 1D; Figure 2B) that showed signs of organ damage, such as 

hepatic discoloration (Figure S1A). Importantly, EBOV replication, as measured by EBOV 

ffu/equivalents/mg of tissue, was not significantly different in either CC mouse strain on 3 or 

6 dpi in the liver (Figure 2C).

However, histologically there was appreciably less immunostaining of the liver for 

EBOV nucleoprotein (NP) in the resistant CC011 as compared to the susceptible CC074 

mice (Figures 2D and 2I; Table S1). Quantification of liver immunostaining identified 

a statistically significant difference between the two strains at 3 dpi. In both CC 

strains, Kupffer cells and leukocytes were the predominant cell types stained for EBOV 

nucleocapsid at 3 dpi. In CC074 at 3 dpi, hepatocytes were also frequently stained, 

while sporadic signal was noted in endothelial cells (Table S1). At 6 dpi, hepatocytes 

were the predominant cell type stained for EBOV nucleocapsid in both CC strains, which 

presented as either fine granular signals in CC011 hepatocytes or large aggregate staining in 

CC074 hepatocytes. The differences in immunostaining intensity and cellular tropism noted 

between the strains were similar to previous findings in susceptible and resistant CC F1 RIX 

mice evaluated using VP40, a viral matrix protein.20

Additional histological assessments for fibrinogen, cleaved caspase 3, and CD31 identified 

appreciably less immunostaining at 3 dpi as compared to 6 dpi for both CC011 and 

CC074 (Figures 2E–2G; Figure S1B; Table S1). Furthermore, there was appreciably less 

fibrinogen and cleaved caspase 3 immunostaining in CC011 as compared to CC074 livers 

at both 3 and 6 dpi. Quantification of fibrinogen and cleaved caspase 3 immunostaining 

identified a statistically significant difference between the two CC strains at 3 dpi (Figures 

2E–2G). Further analysis of CD31 identified appreciably less signal in CC011 as compared 

to CC074 levels at 6 dpi but staining was equivalent between the two strains at 3 dpi 

(Figure 2G). Fibrinogen staining was most often associated with leukocytes (inflammation) 

and sinusoidal endothelium in both strains. Cleaved caspase 3 staining was most often 

associated with hepatocytes and leukocytes in nearly equal numbers except for the CC074 

at 6 dpi where leukocyte staining predominated. An additional difference between the 

two CC strains was that cleaved caspase 3 staining of the vascular endothelium occurred 

less frequently in the CC011, as compared to CC074, livers on both 3 and 6 dpi. CD31 

immunostaining was identified as excessive in the sinusoids of both CC strains at 6 dpi 

(Figure S1B).

Histological evaluation of hematoxylin and eosin (H&E)-stained liver sections identified 

several pathologic changes present in both CC strains to include neutrophilic inflammation, 

hepatocyte necrosis and apoptosis, mild hemorrhage, increased cytomegalic/karyomegalic 

cells, increased multinucleated cells, loss of lobular architecture, loss of vascular integrity, 
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and increased leukocyte margination on the vascular endothelium (Figures 2H; Table S1). 

The pathologic changes were less severe at 3 dpi as compared to 6 dpi for both strains. 

Likewise, the pathologic changes were less severe in CC011, as compared to CC074, livers 

at both 3 and 6 dpi. In addition to having increased levels of inflammation at 6 dpi as 

compared to 3 dpi, the inflammation identified at 6 dpi for CC both strains also had 

increased numbers of histiocytic cells and often extended into the portal areas.

In summary, CC074 livers exhibited more pathologic changes as compared to CC011 

livers, which were most apparent at 6 dpi. These changes included increased 

inflammation, hepatocellular necrosis and apoptosis, hepatocyte dysplasia (increased 

cytomegaly/karyomegaly and multinucleated cells), fibrinogen deposition, hemorrhage, and 

vascular leukocyte margination. The changes likewise included a loss of normal lobular 

architecture and diminished vessel integrity.

Disease phenotypes and identification of a severe EVD-like disease QTL on chr7

Next, we inoculated 6- to 8-week-old F2 mice (n = 236; 123 females and 113 males) i.p. 

with 100 ffu of MA-EBOV and monitored for weight loss and mortality. On 6 dpi, surviving 

mice were necropsied for determination of viral burden, differential gene expression, and 

histopathologic analysis. In this mapping population, there was a range of EVD-like disease 

with mice losing up to ~20% of their starting weight by 6 dpi (body weight changes at 6 dpi 

ranging from 82% to 105% of starting weight) across both male and female mice (Figure 

3A; Figures S2A and S2B). The clinical disease spectrum expanded the range of clinical 

disease phenotypes observed with the two parental mouse strains (Figures 2A and 2B). Over 

the course of the infection, we also documented an overall 39% mortality in the F2 mice, 

starting on 4 dpi, with the highest number of mice succumbing on 6 dpi (Figure 3B). For all 

surviving F2 mice, viral replication, as measured by EBOV ffu equivalents/mg, was detected 

in the liver at 6 dpi by RT-qPCR (Figure S2C). Although EBOV RNA loads demonstrated 

an expanded range of titers as compared with the parent strains (Figure 2C), there was no 

strong correlation between ffu equivalents/mg in the liver and the weight loss in F2 mice 

(R2 = 0.037), further strengthening the observation that the disease phenotypes were unlikely 

due to degree of genome replication (Figure S2D).

Concurrent with the viral challenge, the F2 mice were genotyped with the MiniMUGA 

array. This genetic and the above-described phenotypic data were used for quantitative trait 

locus (QTL) mapping. We identified a single, highly significant (genome-wide p <0.001) 

genetic locus (QTL for EBOV susceptibility 1 [QES1]) on chr7 that was associated with 

body weight loss at 5 dpi and cumulative mortality at 6 dpi (Figures 3C and 3D). The 

confidence interval for the QTL (QES1) is located between 100 and 109 Mb on chr7 (peak 

marker position ~104.5 Mb). The resistant CC011 allele arose from both, A/J (proximal 

region until ~105 Mb) and WSB/EiJ (distal region), and this contrasted with the susceptible 

CC074 loci, which encoded a C57BL/6J haplotype (Figures 3E and 3F). As such, QES1 
represented the major locus that drove differential EVD-like disease outcomes between 

CC011 and CC074 mice.

All infected CC011xCC074-F2 mice demonstrated high variation in the numbers of ffu RNA 

equivalents in blood (e.g., ~104 to >109 ffu equivalents/mL blood) (Figure S3A). Using 
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these values, QTL mapping identified a significant QTL for ffu equivalents in the blood 

on chr8 (QES2) (Figure S3B; Table S2). The region spans from 115 to 129 Mb, with the 

resistant allele arising from 129/Sj and the susceptible allele either from PWK (~115–117 

Mb) and NOD (~117–129 Mb). Again, no significant correlation was noted between the ffu 

equivalents in the blood and overall detectable weight loss (R2 = 0.04) (Figure S3C). In 

contrast, no significant QTL for ffu equivalents in the liver were detected (Figures S3D and 

S3E).

Validation of the Trim5 locus during MA-EBOV infection

QES1, regulating weight loss and mortality, is located on chr7 between 100 and 109 Mb, 

has high gene density (310 total annotated genes), including 192 olfactory receptor genes 

(a very large gene family in the mouse27), as well as the murine Trim5 locus and many 

other genes. Given this gene density, we applied a strict filtering of high-priority candidate 

variants (e.g., missense, frameshifts, and InDels affecting coding regions) that could be 

driving the different EVD-like disease outcomes between these strains. Based on whole-

genome sequencing of the CC founder strains, we identified 418 missense mutations but 

no insertions or deletions in this region.28,29 Of genes containing a missense mutation, we 

found that many were members of the Trim gene family (Trim6, Trim12, Trim22, Trim30, 

and Trim34, Trim12a, Trim12c, Trim30a, Trim30b, Trim30c, and Trim30d) (Figure 4A; 

Table S2). In particular, half of those genes with missense mutations (e.g., Trim12a, 12c, 

30a, 30b, 30c, and 30d) comprised the so-called Trim5 locus in mice, located at the peak 

of QES121 (Figure 4B). Comparing human and mouse Trim5 genes, Trim12c is considered 

the closest full-length mouse ortholog to human Trim5, based on amino acid sequence, 

function, and protein domain homology (Figure 4A).21,22 Importantly, a single missense 

SNP (H124Q) in Trim12c segregates between CC011 and CC074. This amino acid is part of 

a zinc-finger motif, and the substitution is predicted to have a damaging effect on the proper 

protein structure and, therefore, the adequate function of the protein (Figure S4A).30,31 

Previous studies have shown that TRIM proteins are major regulators of the innate immune, 

inflammatory responses, and in some cases liver function.32–36

To study the effect of the mapped Trim5 locus on EVD-like disease in mice, we used 

CRISPR-Cas9 genome editing to delete the entire Trim5 locus on the C57BL/6J genetic 

mouse background (Trim−/−; Figures 4B; S4B). Importantly, the Trim−/− mice were viable 

and robust, and genetic mapping studies revealed the appropriate deletion of the Trim5 locus 

(ΔTrim12a, 12c, 30a, 30b, 30c, and 30d) (Figures S4B–S4D). Next, we performed survival 

and weight-loss studies Trim−/− mice relative to wild-type littermates (Trim+/+) of both 

sexes to validate this locus as a susceptibility region for EVD-like disease after MA-EBOV 

infection. By 14 dpi, infected Trim−/− mice demonstrated an overall mortality of 25%, while 

wild-type littermates (Trim+/+) had a significantly higher mortality of 63% (log rank p 
<0.02) putting wild-type mice at a 2.63× (95% confidence interval [CI], 1.18–5.867) higher 

risk of death by MA-EBOV infection than Trim−/− mice (Figure 4C). Mice in these survival 

studies were also monitored daily for body weight changes, but we observed no significant 

differences in body weight between the Trim−/− mice and their wild-type littermates (Figure 

4D).
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Similar to the body weight findings, no differences were detected between the Trim−/− mice 

and their wild-type (Trim+/+) littermates with regard to viral genome equivalents in the liver 

on 6 dpi (Figure 4E). This observation was supported through histological assessments of 

the liver. Specifically, there were no readily appreciable differences in the staining intensity 

or cellular tropism of EBOV nucleocapsid immunostaining in the livers of the two Trim 

strains at 3 or 6 dpi (Figures 4F and 4K; Table S1). These findings contrast with what had 

previously been identified in the parental CC strains and suggest that loci other than the 

Trim5 locus likely regulate the viral tropism and viral protein expression as noted in the 

parental lines (Figures 2D and 2I).

Histological evaluation of H&E-stained liver sections identified the same types of pathologic 

changes in the Trim−/− and Trim+/+ mice as were previously described for the parental 

CC strains (Figures 4J; Table S1). These pathologic changes were less severe at 3 dpi 

as compared to 6 dpi for both Trim strains. Some pathologic changes (i.e., inflammation, 

hepatocellular necrosis and apoptosis) were identified to be slightly more severe in Trim+/+, 

as compared to Trim−/−, livers at 3 dpi, although no appreciable differences in pathology 

were identified between the Trim strains at 6 dpi (Figures 4J; 4S4G).

In addition to the pathologic changes identified through H&E histopathology, there were 

some immunostaining findings that differed between the two strains (Figures 4G–4I; Figure 

S4G; Table S1). For fibrinogen, there was appreciably less immunostaining for Trim−/− as 

compared to Trim+/+ livers at both 3 and 6 dpi (Figure 4G). For cleaved caspase 3 and 

CD31, there was less immunostaining for Trim−/− as compared to Trim+/+ livers at 6 dpi but 

not at 3 dpi (Figures 4H and 4I). Quantification of fibrinogen and CD31 immunostaining 

also identified a statistically significant difference between the two Trim strains at 6 dpi. 

Notably, these differences are primarily due to variations in staining intensity between the 

Trim−/− and Trim+/+ livers as the cellular tropism for fibrinogen, cleaved caspase 3, and 

CD31 immunostaining appear to be similar between the Trim strains at both 3 and 6 dpi. 

Specifically, for both Trim strains, fibrinogen staining was associated with leukocytes and 

sinusoids, cleaved caspase 3 staining was associated with hepatocytes and leukocytes at 

3 dpi and included some vascular endothelium staining at 6 dpi, and CD31 staining was 

identified as excessive in the sinusoids at 6 dpi.

In summary, Trim+/+ livers exhibit more pathologic changes as compared to Trim−/− 

livers. These changes include increased inflammation, hepatocellular necrosis and apoptosis, 

fibrinogen deposition, hemorrhage, and diminished vessel integrity and are independent 

of viral replication as measured by viral genome equivalents and EBOV nucleoprotein 

immunostaining.

Altered inflammatory, cytokine, and liver metabolic signatures regulate severe EVD-like 
disease in the CC parents and CC011xCC074-F2 mice

To more precisely define host response patterns in the two parental strains, CC011 and 

CC074, after EBOV infection, we performed RNA sequencing (RNA-seq) on liver tissue 

at 3 and 6 dpi (Figure 5; Table S3). Pathway enrichment analysis on 3 dpi identified a 

significant upregulation of inflammatory responses, tumor necrosis factor alpha (TNFα), 

signaling, interleukin (IL)-6 pathway, and interferon pathways in both parental strains 
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(Figures 5A; Table S4). The overall response was increased in the susceptible CC074 

mice as compared with the resistant CC011 mice. Moreover, liver-associated metabolic 

pathways were strongly downregulated in CC074 mice (Figures 5A; Table S4). By 6 dpi, 

overall transcription signatures shift to liver disease/failure and breakdown of liver metabolic 

processes, such as fatty acid and bile acid metabolism, adipogenesis pathways in CC074-

infected mice, which are significantly decreased in comparison to CC011 (Figures 5B; Table 

S4).

For studying the transcriptome in the CC011xCC074-F2 mapping cross, CC011xCC074-F2 

mice were stratified based on their body weight (weight loss at 6 dpi), and 15 mice at 

each of the extreme ends of bodyweight loss animals were selected for RNA-seq analysis 

(Figure S5; Table S3). Mice in the low-weight-loss (LWL) group had no to moderate 

bodyweight loss, while mice in the high-weight-loss (HWL) group lost significant amounts 

of their bodyweight over the course of infection. Nine mock-infected F2 mice (UI) were 

used as controls to identify infection-related responses (Figure S5A). The HWL mice 

not only showed slightly higher levels of viral load in the liver compared to the group 

LWL mice (Figure S5B) but also had more severe gross pathological changes in the 

liver (Figure S5C). Upregulated genes in the HWL mice were associated with activation 

of inflammatory response, TNFα signaling, apoptosis, and loss of vasculature integrity 

pathways. On the other hand, transcriptomic signatures for liver metabolic pathways, such as 

bile acid metabolic processes, were strongly downregulated, indicative of acute liver injury 

(Figure S5D; Table S5).

The Trim5 locus and liver failure

To further define the role of the Trim5 locus in EBOV infection and disease, we performed 

RNA-seq on the liver of Trim+/+ and Trim−/− mice on 3 and 6 dpi (n = 5 for each genetic 

background for each dpi, and n = 3 mock-infected mice). As previously reported, no 

significant difference in weight loss or viral load in the liver was detectable between these 

groups (Figures 4E; S4E). By 3 dpi, Trim5 locus gene expression was only evident in the 

Trim+/+, but not Trim−/−, mice, reflecting the deletion of this locus in the Trim−/− mice 

(Figure S4D).

Transcriptional expression analyses for 3 dpi only revealed significant expression changes 

of genes within the deleted Trim5 locus and no significant enrichment of specific pathways 

was reached (Table S3). Pathway enrichment analysis on 6 dpi, however, demonstrated 

the overall downregulation of genes belonging to key liver metabolic pathways. However, 

several of these pathways were more significantly downregulated in the Trim+/+ mice as 

compared to Trim−/− mice. Importantly, altered expression levels were noted in several 

crucial liver-associated metabolic pathways, including fatty acid, bile acid, adipogenesis, and 

xenobiotic metabolism in Trim+/+ mice. Additionally, genes responsible for coagulation 

regulation, a hallmark of EVD, were also significantly downregulated in Trim+/+ in 

comparison to Trim−/− mice (Figure 6A; Table S3; Table S6). In contrast genes involved 

in DNA repair, myc targets, and protein secretion were significantly upregulated in Trim−/− 

in comparison to Trim+/+ mice (Figures 6A; Table S6).
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We next compared the changes in gene expression in key signature genes, which have been 

highlighted in EBOV-infected human liver organoids, several human liver cells lines, and 

in the liver of NHPs (Figures 6B; Table S7).20,37–39 Importantly, coordinated expression 

patterns were noted in Trim+/+ mice at 6 dpi, in the vasculature (Tek, Ang, Vegfa, 

Dhfr), extracellular matrix (Igtb8, Mmp2, Cdh1, Hyal3), fatty acid/cholesterol metabolism 

(Cyp39a1, Apob, Cers4, Saa1, Lipc, Lcat), glucose/lipid metabolism (Adipor2, Pdk4), 

aminotransferases/ion transport (Agxt, Serpina7, Itih1, Itih3), xenobiotic/drug metabolism 

(Aldh7a1, Ces2a, Sult2a1), other liver-specific genes (Alb, Apoa2, Apoc1, Serpina1a), 

fibrinogen (Fgb, Fgg), coagulation (F7, F13b, Ttr, Hpn, Serpinc1), acute phase proteins 

(C4bp, C1qbp, Crp, Saa2, Hamp, Orm1), stress/unfolded protein response (Pdia6, Ube2b, 

Rhno1), and DNA repair/cell growth (Mrpl55) (Figures 6B; Table S7).

DISCUSSION

The development of small rodent models for EBOV infection has been limited by 

restricted wild-type virus replication and the failure of mice to develop hallmarks of 

EVD.40,41 The current study, building on earlier work,20 showed that MA-EBOV-infected 

CC RI mice develop a spectrum of EVD-like disease syndromes ranging from mild 

asymptomatic infections (e.g., CC011) to a recapitulation of several hallmarks of EVD, 

including upregulation of inflammatory cytokines and chemokines, coagulopathy, and gross 

pathological damage in the liver that likely progresses to liver failure (CC074). The CC011 

and CC074 infections are characterized by similar viral RNA loads at 3 and 6 dpi in 

the liver, yet paradoxically show dramatic alterations in viral nucleoprotein expression, 

tissue tropism, and pathology, including fibrinogen deposition, apoptotic cell death (cleaved 

caspase 3), and endothelial cell permeability (CD31). Real-time RT-qPCR is a common 

strategy to quantify EBOV RNA loads in humans and in animal models.42–45 Paradoxically, 

and despite similar virus RNA loads at 3 and 6 dpi, the tropism and intensity of EBOV 

NP staining is dramatic and extensive in CC074 but scattered and weak in CC011. Similar 

findings were previously reported in some CC F1 RIX mice, including altered tropism and 

significant reductions in live virus titers and genome equivalents.20

Despite this observation, QES2 was mapped in chr8 that regulated viral RNA loads in the 

blood, but not liver, and the phenotype appeared uncoupled from the Trim+/+ and Trim−/− 

locus in C57BL/6 mice (QES1). These data suggest a potential disconnect between RNA 

and viral protein production, an accelerated degradation of viral protein, or a possible 

defect in EBOV egress.46–48 Based on CRISPR-Cas9 screens and other empirical studies, 

a variety of host genes assist in EBOV egress, including several vacuolar protein sorting-

associated proteins.49–52 Although speculative, chr8 QTL contains the Chmp1a gene, which 

is a component in the endosomal sorting complex required for transport III (ESCRT III).53 

EBOV and other enveloped viruses use the ESCRT pathway during budding and release of 

progeny virions, providing a potential candidate gene.47,49,54,55 Consequently, the molecular 

mechanisms regulating this phenotype in select CC lines remains an important question that 

will be addressed in future studies.

As mentioned above, the study performed by Rasmussen et al. observed a similar disconnect 

between viral RNA and viral protein in the susceptible CC line.20 However, several human 
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studies used viral load as a measure of disease severity, reaffirming the importance of this 

metric to disease severity.56–60

Human EBOV outbreaks are sporadic and typically of insufficient size to provide 

opportunity for robust genome-wide association studies. CC RI mice, CC F1 RIX, 

or lines genetically modified at defined susceptibility loci provide for effective, cost-

effective models for identifying candidate host susceptibility genes and studying virus-host 

interactions that regulate disease. The development of more authentic disease platforms 

for EBOV countermeasure development/testing are needed prior to expensive NHP 

experimentation.20,61

To better understand the genetic loci that regulate EVD and host susceptibility, we generated 

an F2 mapping population. We demonstrated that a highly significant QTL on chr7, QES1 
(100–109 Mb), was associated with disease severity and mortality following MA-EBOV 

infection in these mice, while a second QTL on chr8, QES2 (115–129 Mb), was associated 

with genome equivalents in the blood. Focusing on genes near the QTL peak, we used 

sequence information, SNP comparisons, host expression signatures, and protein function 

predictions to identify the Trim5 gene cluster as a highly plausible candidate. These 

findings were further supported by the enrichment of highly expressed genes involved in 

NF-κB-activated pathways and the inflammatory response in highly susceptible F2 mice, 

as well as the role of TRIM5 in development of liver damage during HCV infection.62 

The Trim5 cluster in the mouse encodes several paralogues, including Trim12a, Trim12c, 

Trim30a, Trim30b, Trim30c, and Trim30d, interspersed by Trim34a and Trim34b.21,22 Trim 

proteins are important players in the innate immune response, and human TRIM5 has 

been shown to be a strong activator of inflammatory responses.21,63,64 In humans, the 

Trim5 gene also regulates retrovirus cross-species transmission and functions as an innate 

immune sensor. Natural genetic variants in the Trim5 gene are associated with higher 

plasma levels of inflammation biomarkers and HCV clearance after antiviral therapy in 

HIV/HCV coinfected patients.62 In conjunction with the Trim34 gene, TRIM5 restricts 

HIV-1 uncoating by binding capsids and directing them into degradation machinery, while 

simultaneously enhancing recognition of infected cells by CD8 T cells.64–66 After mosquito-

borne flavivirus infections, TRIM5a suppresses replication by binding to the viral protease 

NS2B/3 to promote ubiquitination and proteasomal degradation.36

In contrast to these earlier studies, we provide evidence for an alternative pathway for Trim5 
regulation of disease severity and mortality. Although our Trim−/− mice lack the murine 

Trim5, Trim34, and other paralogues, viral genome equivalents and protein expression in 

the liver by real-time PCR and immunohistochemistry (IHC) are similar in vivo, suggesting 

that there is disconnect between viral load and weight loss/severity of disease and that 

other mechanisms might mediate altered mortality caused by MA-EBOV infection. These 

data are consistent with earlier findings that have shown that Trim6 ubiquitinates VP35 to 

promote EBOV replication.35 However, recent studies have also demonstrated that Trim12c 
is a strong activator of the NF-κB, inflammatory, and interferon pathways22 and that 

Trim34 expression prevents colon inflammation and functions in influenza A virus-activated 

programmed cell death.67,68 In support, several studies have shown that NF-κB activation 
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and the inflammatory response in NHPs and in humans infected with EBOV are a critical 

indicator of severe EVD and death.69–73

Our liver transcriptome analysis of highly susceptible parental CC074 mice on 3 dpi 

and in susceptible F2 mice resulted in very similar expression and disease profiles 

previously reported from NHP studies, which showed a strong early activation of 

inflammatory response genes and a downregulation of liver metabolism genes.38 This study 

also demonstrated a strong upregulation of inflammatory, apoptotic, and innate immune 

responses in the liver, yet there were no significant differences in the virus tropism and early 

gene expression in either Trim+/+ or Trim−/− animals at these time points.

Rather, and as seen in susceptible CC074 parents at 6 dpi and in the highly susceptible F2, 

but less so in CC011 and resistant F2 cohorts, we detected the downregulation of several 

crucial liver-specific metabolic pathways, such as bile acid and fatty acid metabolism, 

cholesterol homeostasis, coagulation, fibrosis, and adipogenesis, in the susceptible Trim+/+ 

mice, suggesting the development of significant liver damage, potentially leading to 

liver failure.37,38,74 Supporting the dysregulation of liver metabolic pathways, oxidate 

phosphorylation and xenobiotic metabolic response pathways were also significantly 

downregulated in Trim+/+ but less so in Trim−/− mice, pathways that have been shown to 

be crucial for the liver function during oxidative stress responses and detoxification.38,75,76 

Consistent with more severe gross liver pathology noted in the Trim+/+ mice, the expression 

of coagulation genes, a well-established clinical indicator of severe EBOV infection and the 

development of EVD, were significantly downregulated.37,38,77

Earlier studies have attributed a role in the development of liver disease, such as fibrosis, 

fatty liver, and cirrhosis, to Trim genes and, in conjunction with TRAF6 and TGF-b, Trim 

genes may promote liver fibrosis.78 Taken together, these data suggest that the imbalance 

and dysregulation of genes within pathways of key liver functions seen in the Trim+/+ mice 

interferes with the normal physiological function of the liver and so clearly demonstrate the 

crucial contribution of the liver in the severity of MA-EBOV infection and EVD-like disease 

development. Wild-type Trim5 (Trim+/+) clearly affects crucial metabolic liver pathways 

by downregulating the expression of key genes in several pathways, thereby causing the 

imbalance and dysfunction of the liver during EBOV infection.

Trim genes are highly polymorphic, evolving rapidly and encoding a variety of functional 

domains such as Ring domain, B-box domain, coiled domain, and some for a PRY-SPRY 

domain.79,80 As an important species-specific restriction factor for retroviruses, flaviviruses, 

and other virus pathogens, TRIM5 has likely been under sustained evolutionary selection 

pressure and encodes numerous allele variants.1 In rodents, the wild-type Trim5 cluster 

appears to drive severe liver failure. PolyPhen II predicts that a polymorphism in the 

B-box domain ablates Trim12c function preventing the protein to homodimerize and thus 

to inhibit its K63-ubiquitiylation function and attenuate liver disease during MA-EBOV 

infection.30 Taken together, we present strong support for the hypothesis that the Trim5 
cluster participates in regulating EVD-like disease severity and mortality in infected mice. 

However, given the significance of QES1, and the fact that the Trim−/− mice do not 

uniformly replicate the clinical disease phenotypes seen in CC074 and vulnerable F2 mice 
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(e.g., virus tropism, weight loss), these data suggest that other genes under this QTL likely 

contribute to disease severity as well. Such hypotheses are not unprecedented as syntenic 

regions that encode multiple genes reside on Chr3 in humans and Chr9 in mice, and at least 

two of the genes in this locus contribute to SARS-CoV-2 pathogenesis.18,19 Our data argue 

that the Trim5 gene cluster plays a significant role in liver disease, supporting the hypothesis 

that severe liver disease in humans may also be Trim5 cluster related. Future studies will 

need to investigate the precise molecular mechanism(s) by which Trim5 alters crucial liver 

metabolic pathways leading to liver dysfunction during EBOV infection and to identify the 

QTL and gene(s) that regulate virus tropism and viral protein expression differences in the 

liver of CC074 and CC011.

Zoonosis events often result in limited access to and/or numbers of human cases, hampering 

genome-wide association studies (GWASs). Our study highlights the power of genetic 

reference populations to map and elucidate the role of complex genetic traits and genetic 

variation on infectious diseases. The availability of contrasting mouse models of EVD-like 

disease severity that reflect human outcomes provides a mechanistic platform to identify 

novel gene candidates that regulate virus replication, tropism, and disease. In appropriately 

selected large population screens, highly penetrant genetic variants can be identified easily, 

as can their impacts on specific aspects of disease outcome. Moreover, targeted crosses 

between highly discordant strains can help to map and identify more complex genetic 

interaction networks, including emergent traits that are penetrant only in the context of 

specific genetic backgrounds, or epistatic interaction networks. Here, we identify two 

susceptibility loci that regulate filovirus infection and disease in mammals. While these 

studies implicated the Trim5 locus as an important candidate, causality will require the 

establishment of an allelic series by the introgression of targeted susceptibility alleles 

from the CC074 Trim5 locus into the resistant CC0011 genetic background by CRISPR-

Cas9 gene editing. Unfortunately, the number of paralogous genes in the Trim5 cluster, 

coupled with highly conserved sequences, will complicate such approaches. Importantly, 

this approach will provide candidate genes and expression networks that complement the 

analysis of human datasets and provide opportunities for identifying common and unique 

loci that regulate EVD across mammals while narrowing the numbers of candidate genes 

under the QTL interval for downstream studies. While highlighting the broader utility of 

understanding the role of natural genetic variation in disease, these models should improve 

insight into the virus-host genetic and pathogenic mechanisms of EVD and provide new 

screening platforms for countermeasure development.

Limitations of the study

The gold-standard model for filovirus pathogenesis studies is performed in NHPs, which 

best recapitulate human EBOV disease phenotypes but are too expensive for complex trait 

mapping studies. While standard laboratory mice do not fully recapitulate the clinical 

disease spectrum seen in EBOV-infected human cases, MA-EBOV in the CC genetic 

reference population has been reported to closely approximate the human condition, 

strengthening the use of this resource.20 While our data support this earlier hypothesis, 

the use of two extreme-phenotype CC parental strains for F2 mapping studies does focus 

genetic loci mapping studies on a fraction of the genetic diversity that is encoded within 
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the entire CC population. Consequently, important EBOV disease-driving loci may not 

be represented in this cross because genetic variation is lacking. Although a major disease-

driving susceptibility loci was identified on chr7, validation with Trim5 locus knockout 

(KO) mice only partially rescued the clinical disease phenotypes, demonstrating that other 

loci likely exist under this QTL. Moreover, candidate deleterious alleles were predicted 

PolyPhen II analysis in the Trim5 locus, but validating a causal role for the allele variant 

in disease severity will require detailed biochemical studies coupled with the generation 

of an allelic series in the two parental CC mouse strains used in the cross. While the 

lack of availability human QTL mapping data limits our ability to determine if common 

disease driving loci and genes exist across species (e.g., mice and humans), our data do 

help prioritize candidate gene-association studies in human populations. Previous genetic 

mapping studies in humans and mice have identified common susceptibility loci and genes 

that are in synteny with regions identified in human GWAS studies,18,19 supporting a 

compelling hypothesis that justifies downstream studies. While we have mapped a novel 

locus that regulates viral load in the blood, earlier studies in the CC population identified 

lines that showed discordant measures between virus titer, RNA virus load, and viral antigen 

expression in the liver.20 As neither study identified mechanism, loci, or genes that regulate 

the disconnect between virus titer, RNA viral load, and viral protein expression in tissue, 

the highly reproducible findings across different laboratories support the need for critical 

downstream studies that are designed to identify the loci and underlying causal genes 

that drive this phenotypic disconnect. A strength of the study is that the candidate genes 

and expression networks identified in extreme-phenotype models of outbred populations 

has the potential to complement the analysis of human datasets that can identify the key 

disease-driving loci and genes that regulate EVD across mammals.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents should be directed and will 

be fulfilled by the Lead Contact Alexandra Schäfer (aschaefe@email.unc.edu).

Materials availability—Reagents specific to this study are available from the lead contact 

with a completed Materials Transfer Agreement.

Data and code availability—The raw data and normalized gene expression levels are 

available at the GEO database (https://www.ncbi.nlm.nih.gov/geo/),81,82 ID: GSE165142 

and ID: GSE262041.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement—All infectious work with EBOV was performed in the maximum 

containment laboratory at the Integrated Research Facility, Rocky Mountain Laboratories 
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(RML), Division of Intramural Research (DIR), National Institute of Allergy and Infectious 

Disease (NIAID), National Institutes of Health (NIH) according to standard operating 

protocols (SOPs) approved by the RML Institutional Biosafety Committee (IBC). The 

animal work was approved by the RML Institutional Animal Care and Use Committee 

(IACUC) and performed according to the guidelines of the Association for Assessment and 

Accreditation of Laboratory Animal Care, International and the Office of Laboratory Animal 

Welfare. All procedures on animals were carried out by trained personnel following SOPs 

approved by the IBC and IACUC. Humane endpoint criteria in compliance with IACUC-

approved scoring parameters (weight loss >25%, ataxia, lethargy (animal is reluctant to 

move), bloody discharge from nose, mouth, rectum or urogenital area, tachypnea, dyspnea 

or paralysis of the limbs) were used to determine when animals should be humanely 

euthanized.

Mouse studies and virus quantification—Collaborative Cross mice were purchased 

directly from the System Genetics Core Facility (SGCF) at UNC between 2016 and 2018. 

All mice in the SGCF are kept on a 12h light:dark cycle, and on standard chow. F1 

and resultant F2 mice were bred directly at the SGCF. F2 mice were bred such that all 

grand-parental combinations were used, and mice were randomized at weaning such that 

each experimental cage contained non-siblings. Mice were shipped to RML at 6–7 weeks of 

age. CC mice were generated with institutional approval (IACUC ID 20–210).

MA-EBOV (passage 3) was propagated on Vero E6 cells, tittered on these cells and 

stored in liquid nitrogen.15 For infection studies, equal groups of mice of both sexes were 

infected at the age of 8–10 weeks. A virus dilution for injection of 100 ffu per mouse was 

prepared immediately before infection of mice with MA-EBOV by i.p. injection of 0.2 mL 

suspension in DMEM into two sites of the lower abdomen (0.1 mL per site) as previously 

described.20,83 All animals were monitored daily for body weight changes and at least once 

daily for clinical signs of disease. Animals were euthanized at >25% weight loss and/or 

signs of ataxia, extreme lethargy (unresponsive to touch), bloody discharge, tachypnea, 

dyspnea, or paralysis of limbs as approved by the IACUC. At the time of planned necropsy, 

mice were anesthetized, and changes in gross pathology of the liver (changes in color from 

burgundy red (score 0) to pale (score 4) and in integrity form firm (score 0) to soft (score 

4)) were scored on a scale from 0 (no change) to 4 (100% changed). Blood was collected 

and liver and spleen samples were collected for histology, differential gene expression 

analysis and detection of viral load. Tissues were inactivated and removed from the BSL4 

using validated and IBC-approved inactivation protocols.84,85 Total RNA was extracted from 

blood and tissue samples using Trizol (Invitrogen) according to manufacturer’s directions. 

Viral load was determined via RT-qPCR using a LightCycler 480II (Roche). The following 

conditions were used: 50°C for 10 min, 95°C for 5 min, followed by 40 cycles of 95°C for 

10 s and 60°C for 45 s. The sequences of the EBOV NP primers and probe were as follows: 

forward primer: TCA TGG CAA TCC TGC AAC A, Reverse primer: TCG GTT GAA TCA 

TCC CAT TGT, probe: 6FAM – CAT CAG TGA ATG AGC ATG G -MGBNFQ. Samples 

were quantified against a standard curve of MA-EBOV RNA extracted from 10-fold serial 

dilutions of viral stocks with predetermined titers. Virus titers were shown as FFU equivalent 

of RNA copies in 1 mg of total tissue RNA.86
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METHOD DETAILS

Histology and antigen staining—Formalin-fixed tissues were removed from BSL4 

following validated and IBC-approved protocols. They were further processed on a 

Leica ASP 6025 tissue processer, embedded in paraffin (Leica Paraplast) and sectioned 

at 5um thickness. Sequential tissue sections were stained with hematoxylin and eosin 

(H&E, Richard Allan Scientific) or labeled for antigens using anti-cleaved Casp3 (9664S, 

Cell Signaling Technology) or anti-Fibrinogen (A008002-2, Agilent) on the Ventana 

Discovery automated staining platform (Roche) or using anti-CD31 (77699S, Cell Signaling 

Technology) or anti-EBOV NP (0301-012, IBT Bioservices) on the Bond III (Leica 

Biosystems) automated stainer.

Briefly, for labeling performed in the Discovery platform, antigen retrieval was 

accomplished using Ventana’s CC1 (pH 8.5), tissues were blocked, and the primary antibody 

was diluted as follows: anti-cC3 at 1:200 or anti-Fibrinogen antibody at 1:1000 using 

Discovery Casein Diluent (760–219, Roche). Ready-to use secondary antibodies Discovery 

OmniMap anti-Rabbit HRP (760–4311, Roche) was used, followed by Discovery Chromo 

Maps DAB (760–159, Roche) development and Hematoxylin II (790–2208, Roche) for 

nuclear staining.

For labeling performed on the Bond platform, slides were dewaxed in Bond Dewax solution 

(AR9222) and hydrated in Bond Wash solution (AR9590). Heat induced antigen retrieval 

was performed for 20 min at 100°C in Bond-Epitope Retrieval solution 1 pH-6.0 (AR9961). 

After pretreatment, slides were incubated with an anti-CD31 antibody at 1:100 dilution or 

with an anti-EBOV NP antibody at 1:2000 dilution for 1h followed by Novolink Polymer 

(RE7260-K) secondary, respectively. Antibody detection with 3,3′-diaminobenzidine (DAB) 

was performed using the Bond Intense R detection system (DS9263). Stained slides were 

dehydrated and cover slipped with Cytoseal 60 (23–244256, Thermo Fisher Scientific). A 

positive control was included for each run.

Automated quantification of cleaved Caspase-3, CD31, fibrinogen, and EBOV 
NP expression in mouse liver—The process of quantitative image analysis begins with 

the acquisition of high-resolution digital slides. FFPE sections of mouse liver and spleen 

were stained for Cleaved Caspase-3 (cC3), CD31, Fibrinogen, and EBOV NP with DAB 

detection on a Bond autostainer (Leica Biosystems), followed by scanning on a ScanScope 

AT2 slide scanner (Leica Biosystems) with a 40X power objective. The final 8-bit image per 

channel resolution was 0.2529 mmmicron per pixel (MPP). Images were uploaded to eSlide 

Manager as JPEG-compressed* Aperio SVS files and visualized with ImageScope version 

12.4.4 (Leica Biosystems). Images were then imported to Definiens Architect XD 2.7 Build 

60765 ×64 for analysis with Tissue Studio version 4.4.2.

Using the Tissue Studio portal within Definiens Architect, each tissue section was detected 

independently because each one represented a different subject (animal). Cellular (cC3) or 

Marker Area (CD31, Fibrinogen, and EBOV-NP) data were obtained for each whole tissue 

section. The program also calculated the total tissue area. To detect and segment individual 

cells, 20X apparent magnification was used. The hematoxylin (counterstain) and DAB (IHC 

marker) thresholds were set according to the stain control slides provided by the Pathology 
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Services Core (PSC). The analysis output included all quantitative results as well as overlays 

representing cellular or marker area scores.

For cell analysis, a typical nucleus size of 61 μm2 and a hematoxylin threshold of 0.05 was 

used each nucleus was segmented and counted by Tissue Studio. Exceptionally small objects 

were excluded by filtering based on size. Then, each nucleus was scored according to the 

DAB intensity using an IHC threshold of 0.3. The positive intensity scores were counted on 

linear scale as Low, Medium, or High using Threshold Low/Medium = 0.6 and Threshold 

Medium/High = 0.9. A histological score was calculated as H-score = (3 × % High Positive) 

+ (2 × % Medium Positive) + (1 × % Low Positive). The output also included total numbers 

of cells, percent positive and negative cells, and cell density (#/mm2).

For marker area analysis, Hematoxylin and marker (IHC) thresholds were then set according 

to control values. Exceptionally small objects were excluded by filtering based on size. 

Then, marker area was measured and scored on a linear scale as Low, Medium, or High 

using Threshold Low/Medium = 0.2–0.45 and Threshold Medium/High = 0.3–0.9. A 

histological score was calculated as H-score = (3 × % High Positive) + (2 × % Medium 

Positive) + (1 x % Low Positive). The output also included percent positive and negative 

areas, as well as unstained areas. The compression Quality was 70 and the compression ratio 

was 15–25.

Mouse genotyping and genetic mapping—Upon weaning, each F1 and F2 mouse 

was tail clipped. Genomic DNA was extracted from tail-clips using the Qiagen DNeasy 

blood and tissue kit Hilden, Germany). For processing and running on the MiniMUGA 

array, 1.5 mg of DNA were sent to Neogen (Neogen Inc, Lincoln).18,87 Upon receipt 

of genotype data from Neogen, we used all of our data (CC011 and CC074 genotypes, 

F1s and F2s) to filter these genotypes to informative markers in our study. Briefly, 

where CC011 and CC074 mice had alternate genotypes, where F1 animals had expected 

heterozygous (H) calls, and where expected mendelian ratios were seen in the genotypes 

of F2 animals. From this filtered set of 2750 markers, we conducted genetic mapping 

using the R/QTL package.88,89 Briefly, the scanone function was used to determine the 

strength of the regression of phenotypes on genotypes at each of the informative markers 

in the CC011xCC074-F2 cross. Rounds of 1,000 permutations were run to scramble the 

relationship between phenotypes and genotype to determine significance thresholds (LOD), 

providing an appropriate threshold of significance that is robust to the phenotype distribution 

and allele frequencies. It was ensured that long-range linkage disequilibrium was not driving 

these observations by fitting multifactor ANOVAs with single QTL and with sets of loci, 

for phenotypes where we identified multiple QTL only loci with statistically significant 

improvement in fit for the full model were considered.

RNA-sequencing data and bioinformatic analysis—Total RNA was extracted from 

liver samples using Trizol (Invitrogen) according to manufacturer’s directions. The initial 

quality and integrity of total RNA was evaluated using the Agilent Technologies Tapestation 

2200 (Agilent Technologies). The RNA sequencing library was generated from 1000 ng total 

RNA using the KAPA Stranded RNA-Seq kit with RiboErase according to manufacturer’s 

directions (Roche Sequencing and Life Science). The pooled libraries were sequenced on 3 
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lanes Illumina NovaSeq 6000 using NovaSeq 6000 S4 XP Reagent Kit 100 Nu, paired end, 

with an average of 30,000,000 reads per RNA sample.

Analysis of raw reads was performed as previously described.90 Briefly, sequenced reads 

were mapped to the mouse reference transcriptome (Ensemble; Mus musculus version 108) 

using Kallisto (version 0.46.0). Transcript quantification data were normalized using the 

TMM method in EdgeR (version 3.38.4) and DEGs (p.Adj.val <0.01; logLC >2.0) were 

identified using linear modeling with limma (version 3.52.2) using R (version 4.2.0) in 

R Studio (version 2022-04-19). Gene ontology analysis was carried out using Gene Set 

Enrichment Analysis (GSEA; gsea-msigdb.org) to identify dysregulated pathways.

Generation of Trim−/− mice—Transgenic mice were generated with institutional 

approval (IACUC ID 18–314). The target region spanned approximately 300 kb 

encompassing the Trim5 group cluster, including Trim34a, Trim12a, Trim34b, Trim12c, 
Trim30b, Trim30c, Trim30a and Trim30d genes (Figures 4A and 4B). Cas9 guide RNAs 

flanking the target region were identified using Benchling software. Three guide RNAs at 

each end of the target region were selected for activity testing. Guide RNAs were cloned into 

a T7 promoter-gRNA scaffoldvector (UNC Animal Models Core) followed by T7 in vitro 
transcription (HiScribe T7 High Yield RNA Syntehsis Kit, New England BioLabs) and 

RNeasy spin column purification (Qiagen). Functional testing was performed by transfecting 

a mouse embryonic fibroblast cell line (UNC Animal Models Core) with in vitro transcribed 

guide RNA and recombinant Cas9 protein (UNC Animal Models Core). The guide RNA 

target site was amplified from transfected cells and analyzed by ICE (Synthego). Guide 

RNAs selected for genome editing in embryos were 5sg73B (protospacer sequence 5′- 
gTATAAGTTCCACGTGTT-3’; chr7:104,235,525bp) and 3sg66B (protospacer sequence 5′-
gCTGGTAAAAGCCTAGTACGG-3’; chr7:104,535,557) (lower-case g indicates 

heterologous guanine added for in vitro transcription). A donor oligonucleotide was 

included to facilitate homologous recombination to produce a clean deletion event between 

the guide RNA cut sites (Trim5-983-DO-T1, sequence 5′-
GCCCTTGTATGTAAAGTGTCACATCCTAGCTGTCAGCAT 

CAGGGTCCATCCTAACTAGGCTTTTACCAGAGTCCCTCAAGAGCAGAAATGTTCTC

CAGACATGATACCTC −3′). However, editing events in the animals did not have the 

deletion junction corresponding to the oligonucleotide, indicating that the oligonucleotide 

was not a significant participant in the genome editing event (Figure S4B). C57BL/6J 

zygotes were electroporated with 1.2 mM Cas9 protein, 47 ng/ul each guide RNA and 400 

ng/ul donor oligonucleotide and implanted in recipient pseudo-pregnant females. Resulting 

pups were screened by PCR with primers Trim5-5ScF1 and Trim5-5ScR1 (sequences 

below), which flank the deletion region such that a PCR product was only obtained if the 

~300 kb deletion event had occurred in the animal. Four of 23 pups showed evidence of a 

deletion event by PCR. The deletion-specific PCR product from the 4 founder animals was 

sequenced to determine the precise junctions of the deletion events. Two male founders 

positive by PCR for the deletion were mated to wild-type C57BL/6J females for germline 

transmission of the deletion allele. The deletion-specific PCR was sequenced from positive 

offspring to verify the specific deletion endpoints. One founder transmitted two different 

deletion events to its offspring. The deletion events both encompass over 300 kb with 
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endpoints near the guide RNA cut sites. Trim−/− animals were detected by PCR with primers 

Trim5–5ScF1 (5′- TGGATCTGCAGGTGACAAGTA −3′), Trim5–5ScR1 (5′- 
CGTAGAGTGTGAGAAATCCTTTG −3′) and Trim5–3ScR1 (5′- 
GGCGCAGATTGCTTTAAAC −3′). This assay gives a ~593 bp band for the Trim−/− allele 

and a 466 bp band for the Trim wild-type allele (Figures S4B and S4C).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mann-Whitney tests were used to compare weight loss, viral load in liver tissue liver titer, 

and histological quantification. Log rank tests was used for survival analyses. Statistical 

analyses were performed in GraphPad Prism 10.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CC genetic reference population identifies genetic loci regulating EBOV 

pathogenesis in mice

• An F2 population from two CC lines is either highly resistant or vulnerable to 

EBOV infection

• A major locus on chromosome 7, encoding Trim5, drives severe EVD-like 

disease in mice

• Gene expression signatures of liver damage mirror severe EVD in humans
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Figure 1. CC strains demonstrate different EVD-like disease after MA-EBOV infection
Age-matched female mice (n = 6 per group) of eight genetically diverse CC strains (CC001, 

CC02, CC004, CC011, CC021, CC051, CC061, and CC074) were infected i.p. with 100 ffu 

MA-EBOV and monitored daily for weight loss and mortality until day 12 post infection.

(A and B) (A) Weight loss and (B) survival curves for CC011, CC021, CC051, and CC061 

mice.

(C and D) (C) Weight loss and (D) survival curves for CC001, CC002, CC004, and CC074 

mice. Data were analyzed using Mann-Whitney test (weight loss) and log rank test (survival) 

and significance is indicated.
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Figure 2. Characterization of EBOV infection in the two parental strains, CC011 and CC074
(A and B) Age-matched CC011 and CC074 mice (n = 16 each, 8–10 weeks, both sexes) 

were infected with 100 ffu MA-EBOV and mice were monitored daily for weight loss (A) 

and mortality (B).

(C–G) (C) Groups of CC011 and CC074 were used to evaluate the viral load in the liver (n 
= 5 female for all, except n = 2 males for CC074 on 6 dpi). Liver samples of matched mice 

from (C) were then used for quantification by IHC staining of (D) EBOV NP, (E) fibrinogen, 

(F) cleaved caspase 3, and (G) CD31 in the liver.

(H and I) Representative images (20× and 40×, respectively) of the (H) hematoxylin 

and eosin (H&E)-stained liver sections and (I) EBOV nucleoprotein-immunostained liver 

sections utilized for the histological assessment of differences between CC011 and CC074 at 

3 and 6 dpi; scale bars, 50 μm. Data were analyzed using Mann-Whitney test (weight loss, 
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liver titer, histological quantification) and log rank test (survival). Significance is indicated 

as *p < 0.05, **p < 0.005, and ****p < 0.0001.
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Figure 3. Disease phenotypes and identification of a severe EVD-like disease QTL on chr7
Eight- to 10-week-old CC011xCC074-F2 mice (n = 236; 123 females, 113 males) were 

generated and infected with 100 ffu MA-EBOV i.p. and followed for 6 days for weight loss 

and mortality.

(A) Weight loss on day 5 post infection of CC011xCC074-F2 mice.

(B) Survival of CC011xCC074-F2 mice over the time of infection.

(C) QTL map for the weight loss on day 5 post infection.

(D) QTL map for the overall survival rate over the time of infection. Phenotypes were 

grouped based on a homozygous CC011 genotype, a heterozygous genotype, and a 

homozygous CC074 genotype. (E) The allele plot for weight loss on 5 dpi, and (F) the 

allele plot for percentage survival over the time of infection; 0 = alive, 1 = dead. Data were 

analyzed using Mann-Whitney test (allele plots for weight loss and survival). LOD, log10 

likelihood ratio; dotted line indicates the genome-wide p = 0.05 significance threshold.
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Figure 4. Characterization of EBOV infection in Trim+/+ and Trim−/− mice
(A) A neighbor-joining phylogenetic tree was constructed from a multiple sequence 

alignment of the human TRIM5 protein and mouse orthologs (TRIM12a, TRIM12c, 

TRIM30a, TRIM30b, TRIM30c, and TRIM30d). Similarities (based on the Blosum62 

similarity matrix) are included as a heatmap with similarity ranging from 50% (gold) to 

100% (blue). The multiple sequence alignment was performed, the neighbor-joining tree was 

constructed in Geneious Prime, and the tree and distances were output as Newick and CSV 

files, respectively. The tree and heatmap were then rendered for publication in EvolView 

(https://www.evolgenius.info) and Adobe Illustrator CS.

(B) The Trim5 locus in wild-type C57BL/6J mice (indicated by red box). For validation of 

the Trim5 locus as a susceptibility region during MA-EBOV infection, age-matched Trim−/− 

(n = 20) and Trim+/+ littermates (n = 27) (all 8–10 weeks old, both sexes) were infected i.p. 

with 100 ffu MA-EBOV.
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(C) Survival; dashed line indicates median survival.

(D–I) (D) Weight loss. A group of Trim+/+ and Trim−/− (n = 5 females for all at both 

time points) was then used to evaluate the (E) viral load in the liver (6 dpi only) and for 

quantification of (F) EBOV NP in the liver, (G) fibrinogen, (H) cleaved caspase 3, and (I) 

CD31 of Trim+/+ and Trim−/− mice by IHC staining.

(J and K) Representative images (20× and 40×, respectively) of the (J) H&E-stained 

liver sections and (K) EBOV nucleoprotein-immunostained liver sections utilized for 

the histological assessment of differences between Trim+/+ and Trim−/− mice at 3 and 

6 dpi; scale bars, 50 μm. Circles are areas of active inflammation, necrosis, and 

hemorrhage. Squares are areas of active inflammation and necrosis. Stars denote vessels 

with compromised endothelium and increased leukocyte adherence/margination. Arrows 

denote apoptotic hepatocytes. Arrowheads denote necrotic hepatocytes. Data were analyzed 

using Mann-Whitney test (weight loss, liver titer, histological quantification) and log rank 

testing (survival). Significance is indicated as **p < 0.005.
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Figure 5. Differentially expressed gene signatures in the liver in the two parental strains, CC011 
and CC074
Heatmap of the top five ranked genes in the top 10 significantly enriched pathways in 

infected CC011 and CC074 mice compared to their respective mock-infected controls (<1.5 

log2 fold over mock; p < 0.05); shown are the average expression level for each gene for 

each group on (A) 3 dpi and (B) 6 dpi, (n = 5 EBOV-infected females for all time points, 

except for n = 2 EBOV-infected males for CC074 on 6dpi, n = 3 mock-infected females for 

all time points).
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Figure 6. Differentially expressed gene signatures in the liver in Trim+/+ and Trim−/− mice
(A) Heatmap of the top five ranked genes in the top 10 significantly enriched pathways 

in infected Trim+/+ and Trim−/− mice compared to their respective mock-infected controls 

(<1.5 log2 fold over mock; p < 0.05); shown are the average expression levels for each gene 

for each group on 6 dpi (n = 5 females for all time points, n = 3 females for all time points 

for mocks).

(B) Heatmap of key genes being significantly affected during the development of EVD-like 

disease in the liver (in bold). For each gene, the average normalized transcript counts (log2 

cpm.) are shown. Data were analyzed using Mann-Whitney test; significance is indicated 

as p* < 0.05, **p < 0.005 (n = 5 EBOV-infected females for all time points, n = 3 

mock-infected females for all time points).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit-Anti-Cleaved-Caspase3 CST Cat#9664S

Polyclonal-Rabbit-Anti-Fibrinogen Agilent Cat#A008002-2

Rabbit-Anti-CD31 CST Cat#77699S

Polyclonal-Anti-EBOV-NP IBT Bioservices Cat#0301-012

OmniMap anti-Rabbit HRP Roche Cat#760-4311

Novolink Polymer (RE7260-K) secondary Roche Cat#760-159

Bacterial and virus strains

MA-EBOV Bray et al.15 N/A

Biological samples

blood and liver from mice This paper

Chemicals, peptides, and recombinant proteins

Trizol Invitrogen Cat#15596026

Formalin, 10% Fisher Cat#SF100-4

Hemotoxylin Epredia Cat#7211

Eosin Epredia Cat#7111

Clarifier 2 Epredia Cat#7402

Discovery Omnimaps anti-RB HRP Roche Cat#5269679001

Discovery Chromo Maps DAB Roche Cat#5266645001

CC1 Roche Cat#6414575001

Ventana Antibody Diluent with Casein Roche Cat#06440002001

Bond Dewax Leica Biosystems Cat#AR9222

Bond Wash Leica Biosystems Cat#AR9590

Bond Epitope Retrieval solution A Leica Biosystems Cat#AR9961

Novolink Polymer Leica Biosystems Cat#RE7260-K

Bond Intense R detection system Leica Biosystems Cat#DS9263

Critical commercial assays

QuantiNova Probe PCR Kit Qiagen Cat#208254

DNEasy blood and tissue kit Qiagen Cat#69506

KAPA Stranded RNA-Seq Kit with RiboErase (HMR) library Prep kit Roche Cat#7962240001

TruSeq UD Indexes Illumina Cat#20023785

Novaseq6000, S4 flowcell Illumina Cat#20028313

Deposited data

GSE165142 GEO https://www.ncbi.nlm.nih.gov/geo/
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REAGENT or RESOURCE SOURCE IDENTIFIER

GSE262041 GEO https://www.ncbi.nlm.nih.gov/geo/

Experimental models: Cell lines

Vero E6 ATCC Cat#CRL-1586

Experimental models: Organisms/strains

Collaborative Cross mice (CC001/Unc, CC002/Unc, CC004/TauUnc, CC011/
Unc, CC021/Unc, CC051/TauUnc, CC061GeniUnc, and CC074/Unc)

UNC System 
Genetics Core

https://csbio.unc.edu/CCstatus/
index.py

C57BL/6J The Jackson 
Laboratory

Cat#000664

Trim−/− and Trim+/+ transgenic mice This paper

Oligonucleotides

EBOV-NP-f TCA TGG CAA TCC TGC AAC A IDT https://www.idtdna.com/pages

EBOV-NP-r TCG GTT GAA TCA TCC CAT TGT IDT https://www.idtdna.com/pages

EBOV-probe 6FAM – CAT CAG TGA ATG AGC ATG G -MGBNFQ. IDT https://www.idtdna.com/pages

5sg73B - gTATAAGTTCCACGTGTT IDT https://www.idtdna.com/pages

3sg66B - gCTGGTAAAAGCCTAGTACGG IDT https://www.idtdna.com/pages

Trim5-983-DO-T1 - GCCCTTGTATGTAAAGTGTCA 
CATCCTAGCTGTCAGCATCAGGGTCCATCCTAAC 
TAGGCTTTTACCAGAGTCCCTCAAGAGCAGAAA 
TGTTCTCCAGACATGATACCTC

IDT https://www.idtdna.com/pages

Trim5-5ScF1 - TGGATCTGCAGGTGACAAGTA IDT https://www.idtdna.com/pages

Trim5-5ScR1 - CGTAGAGTGTGAGAAATCCTTTG IDT https://www.idtdna.com/pages

Trim5-3ScR1 - GGCGCAGATTGCTTTAAAC IDT https://www.idtdna.com/pages

Software and algorithms

GraphPad v10 GraphPad Software 
Inc

https://www.graphpad.com/scientific-
software/prism/

R v4.2.0 or 4.2.2. The R Project 
for Statistical 
Computing

https://www.r-project.org/

Adobe Illustrator 2024 Adobe N/A

PyMOL v2.0 Schrödinger, LLC https://www.pymol.org/

Kallisto v0.46.0 Bioconductor https://bioconductor.org/packages/
release/bioc/html/limma.html

EdgeR v3.38.4 Bioconductor https://bioconductor.org/packages/
release/bioc/html/limma.html

Limma v3.52.2 Bioconductor https://bioconductor.org/packages/
release/bioc/html/limma.html

R Studio v2022-04-19 The R Project 
for Statistical 
Computing

https://www.r-project.org/

Phyre2 Protein Fold Recognition Server

Benchling Benchling https://www.benchling.com

ImageScope version 12.4.4 Leica Biosystems https://www.leicabiosystems.com/us/
digital-pathology/manage/aperio-
imagescope/
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