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Intrinsic host susceptibility 
among multiple species 
to intranasal SARS‑CoV‑2 identifies 
diverse virological, biodistribution 
and pathological outcomes
Neil Berry1,6*, Deborah Ferguson1,6, Sarah Kempster1,6, Jo Hall1, Claire Ham1, 
Adrian Jenkins1, Vicky Rannow2, Elaine Giles2, Rose Leahy2, Sara Goulding2, 
Arturo Fernandez2, Yemisi Adedeji3, Sandrine Vessillier4, Deepa Rajagopal4, Sandra Prior4, 
Yann Le Duff1, Matthew Hurley1, Sarah Gilbert1, Martin Fritzsche2, Ryan Mate2, Nicola Rose3, 
Robert J. Francis2, Kirsty MacLellan‑Gibson2, Alejandro Suarez‑Bonnet5, Simon Priestnall5 & 
Neil Almond1*

SARS-CoV-2 exhibits a diverse host species range with variable outcomes, enabling differential 
host susceptibility studies to assess suitability for pre-clinical countermeasure and pathogenesis 
studies. Baseline virological, molecular and pathological outcomes were determined among multiple 
species—one Old World non-human primate (NHP) species (cynomolgus macaques), two New 
World NHP species (red-bellied tamarins; common marmosets) and Syrian hamsters—following 
single-dose, atraumatic intranasal administration of SARS-CoV-2/Victoria-01. After serial sacrifice 
2, 10 and 28-days post-infection (dpi), hamsters and cynomolgus macaques displayed differential 
virus biodistribution across respiratory, gastrointestinal and cardiovascular systems. Uniquely, 
New World tamarins, unlike marmosets, exhibited high levels of acute upper airway infection, 
infectious virus recovery associated with mild lung pathology representing a host previously 
unrecognized as susceptible to SARS-CoV-2. Across all species, lung pathology was identified post-
clearance of virus shedding (antigen/RNA), with an association of virus particles within replication 
organelles in lung sections analysed by electron microscopy. Disrupted cell ultrastructure and lung 
architecture, including abnormal morphology of mitochondria 10–28 dpi, represented on-going 
pathophysiological consequences of SARS-CoV-2 in predominantly asymptomatic hosts. Infection 
kinetics and host pathology comparators using standardized methodologies enables model selection 
to bridge differential outcomes within upper and lower respiratory tracts and elucidate longer-term 
consequences of asymptomatic SARS-CoV-2 infection.

Emergence of pandemic SARS-CoV-2 has resulted in devasting effects on human health with widespread eco-
nomic, social and public health consequences. SARS-CoV-2 is thought to have its origins in horseshoe bats 
having entered human populations as a novel zoonotic pathogen1. Identification and development of appropri-
ate animal models accelerates development of effective interventions that either prevent or ameliorate infection 
and disease with new and emerging pathogens. A number of laboratory animal species may be infected with 
SARS-CoV-2, including Old World non-human primates (NHP), ferrets, cats, hamsters and mice expressing 
the viral receptor2. In such studies, it is important to understand whether observed differences in outcomes are 
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attributable to intrinsic susceptibility of the laboratory animal species or experimental differences between the 
isolate, dose and methods of administering virus.

It is recognized no single model or species re-capitulates the full disease spectrum of human SARS-CoV-2 
infection/Covid-19, where significant co-morbidities impact on outcome severity3. However, careful selection 
of a model that recapitulates a particular aspect of SARS-CoV-2 pathogenesis, may enable specific questions 
to be addressed leading to a greater understanding of pathological processes. Continued appearance of novel 
variants of concern4 with differing biological properties further underscores the public health requirement for 
continued evaluation of in vivo infectivity, virulence, immunogenicity, cross-protection and pathology outcomes 
using suitable model systems.

The primary cellular receptor for SARS-CoV-2, angiotensin I converting enzyme-2 (ACE-2) is widely repre-
sented among vertebrate species accounting for the potentially very wide host range of SARS-CoV-25, mediat-
ing binding to the viral spike (S)/receptor binding domain (RBD) with a broad tropism for SARS-CoV-2 S to 
mammalian ACE-2 proteins6–9, although the virus is capable of utilizing secondary receptors (e.g. TMPRSS2). 
Old World (Catarrhine) NHP species with 100% homology to human ACE-2 appear fully permissive for SARS-
CoV-210–16, mice displaying resistance to early pandemic SARS-CoV-2 strains with a diverse range of other 
species existing between these two extremes. Notably, early studies identified Syrian golden hamsters to be 
highly permissive for SARS-CoV-2, emerging as an important in vivo model to evaluate vaccines, therapeutics 
and pathogenesis17–23.

Previously, we performed a comparison of Zika virus infection in Old World (macaques) and New World 
(marmosets and tamarins) NHPs with a single well-characterised challenge stock24, to inform model selection 
for subsequent immune protection studies25. We applied the same principle to identify and select suitable models 
for equivalent studies for SARS-CoV-2. Understanding parameters of virus and host interactions is important 
in differential model selection for pathogenesis and medical countermeasure studies. Hence we sought to apply 
these principles to SARS-CoV-2. New World NHP species have also been relatively understudied.

Here, we identify viral kinetics and pathological consequences following atraumatic intranasal (I.N.)-only 
administration of a high dose, genetically well-characterised stock of the SARS-CoV-2/Victoria-01 strain isolated 
early in the pandemic26 in one Old World (Macaca fascicularis, cynomolgus macaque), two New World NHP 
species (Callithrix jacchus, common marmoset; Saquinus labiatus, red-bellied tamarin) and one small animal 
(Mesocricetus auratus, Syrian golden hamster). Serial sacrifice after challenge enabled a detailed analysis of the 
comparative viral distribution and pathology at light microscope and ultrastructural levels when replication in 
the upper respiratory tract was at its peak (day 2) and early (day 10) and late (day 28) times after viral suppres-
sion. Interspecies differences in infection dynamics and lung pathology identified red-bellied tamarins to be 
susceptible to infection with SARS-CoV-2, hitherto unrecognized, with outcomes across all species highlighting 
early structural changes in lung architecture and pathological outcomes in a species-independent manner. Iden-
tification of alterations in lung ultrastructure provide further insight into the prolonged impact of SARS-CoV-2 
in predominantly asymptomatic hosts.

Results
Study outline and virus stock.  A common study outline with serial sacrifice time-points at 2, 10 and 
28 days post-infection (dpi) was used to compare virus replication and host pathology in each species, encom-
passing the acute (A), post-acute (B) and chronic phase (C) of SARS-CoV-2 infection and disease (Fig. 1A). 
ACE-2 sequence homology across the RBD for each study species are summarised in Fig. S1. A single common 
bulk virus stock was used in all challenges, the Victoria strain prepared after 4 passages on Vero/hSLAM cells 
(final concentration 2 × 106 TCID50/mL on VeroE6/TMPRSS2 cells). Next generation sequencing determined 
this stock to be free of attenuating mutations reported to arise from in vitro propagation. No significant variants 
were called above a 1% threshold with respect to the Wuhan-01 reference sequence (Fig. S2). A single final dose 
containing 5 × 104 TCID50 was administered atraumatically via the intranasal (I.N.) route to each of 12 Syrian 
golden hamsters (6 female, 6 male); 6 cynomolgus macaques (female) 4 common marmosets (2 female, 2 male) 
and 9 red-bellied tamarins (8 female, 1 male,). The virus was administered in a final volume of 50 µL for hamsters 
and New World monkeys and 500 µL for macaques.

Clinical measures across species.  Intranasal challenge in female and male hamsters resulted in signifi-
cant weight loss to 7-8dpi, which approached but never exceeded 20% baseline weight (Fig. 1B), stabilising and 
returning towards pre-challenge levels. Mild clinical changes 4–7 dpi based upon a range of clinical scoring 
markers (Table  S1) were higher in males than females peaking around the nadir of weight loss (Fig. 1C,D). 
Moderate hypo- and hyperthermic temperature spikes beyond the normal diurnal range 1–6 dpi were more 
marked in male hamsters (Fig. S3A). By contrast, all three NHP species remained clinically asymptomatic with 
no abnormal clinical signs recorded. Body temperature did not vary significantly from the normal diurnal tem-
perature rhythm within each NHP species (Fig. S3B–D), except transient disturbance in cynomolgus macaques 
during the first 24 h post virus administration and a transient drop in temperature in tamarins at 24–48 h p.i. In 
cynomolgus macaques, blood haematology remained within the normal range over the first 10 days with only 
neutrophils elevated from 3 dpi. (Fig. S4).

Comparative shedding of SARS‑CoV‑2/Vic‑01 in Syrian hamsters and NHPs following intra‑
nasal challenge.  In vivo infectivity and pathogenesis of the SARS-CoV-2/Vic-01 P4 stock was compared 
across all four species, including male and female hamsters, monitored for viral shedding in nasal and orophary-
geal swabs by genomic and sub-genomic RNA (gRNA, sgRNA), lateral flow antigen (nucleoprotein, NP) detec-
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tion and infectious virus microculture (Figs. 2, S5, S6). Additional faecal shedding data was collected for female 
hamsters and cynomolgus macaques (Figs. 2, S7).

High levels of SARS-CoV-2 gRNA and sgRNA (range log10 6–8 IU/mL gRNA, copies/mL sgRNA) detected 
in oropharyngeal or nasal swabs in female hamsters 2dpi had predominantly cleared 10dpi, (gRNA log10 1–3 
range), which remained undetectable with low, transient blips 21–28 dpi (S60, S61). The wide kinetic range of 
gRNA and sgRNA variation in intensively monitored naso- and oro-pharyngeal swabs in female hamsters was 
highly correlated during acute infection (Fig. 1E; correlation coefficient r2 = 0.98, n = 51; Fig. S5A,B). Antigen 
(NP) was consistently detected 1–4 dpi in oropharyngeal swabs (Fig. 2B). Upper respiratory tract (URT) shedding 
patterns were broadly similar between genders at both sample sites. However loads peaked 2 dpi at significantly 
higher levels in male nasal swabs compared with female (mean log10 7.16 vs 6.44 gRNA IU/mL, respectively 
(Mann–Whitney rank sum test, p = 0.013), though only weakly significant 4dpi (one-tailed t-test, p = 0.114). In 
oral swabs, mean gRNA levels 2 dpi were not statistically different between females and males (mean log10 6.82 
and 6.69 IU/mL respectively), though weakly statistically significant 4dpi (one-tailed t-test, p = 0.103). Infectious 
virus was only recovered between 1 and 4 dpi, oral swabs more frequently positive in both sexes; 7/20 (nasal) and 
15/20 (oral) swabs in females compared with 16/20 (nasal) and 17/20 (oral) swabs in males (Figs. 2C,D, S6). Post-
acute (10dpi) viral shedding was low/undetectable in female hamsters, sporadic re-bounds at later time-points 
(S60, S61, d21 oral; S60, d14; S61, d28, nasal). Swab RNA dynamics compare with faecal pellets with sustained 
gRNA (range log10 3–6 IU/pellet), lower but quantifiable sgRNA (range log10 2–5 copies/pellet) over the first 
10 days (Fig. 2E,F). Infectious virus was never recovered onto VeroE6/TMPRSS2 cells from faecal pellets though 
hamster S61 displayed an altered sgRNA profile and more persisting signal beyond 7 dpi.

Cynomolgus macaques exhibited the highest gRNA levels (range log10 8–9 IU/mL) 2 dpi, in oral and nasal 
swabs (Fig. 2G,H), > tenfold higher in nasal swabs compared with contemporaneous oral swabs (log10 8.23 vs 
7.05 IU/mL), attaining statistical significance (Mann–Whitney test, p = 0.026). This differential relationship 
maintained 4 dpi (mean log10 7.63 vs 5.82 IU/mL gRNA) co-incided with infectious virus recovery frequency 
1–4 dpi. Differences in genomic RNA levels 10 dpi were log10 5.28 and 2.32 IU/mL gRNA in nasal and oral swabs 
respectively, retaining statistical significance (p = 0.029, both). Macaques S44 and S45 both retained strong gRNA 
positivity 14 dpi (~ log10 5–6 IU/mL), clearing 21 dpi with a small rebound in oral swabs 21 dpi. Antigen (NP) 
was frequently detected in nasal swabs, S44 remaining detectably antigen positive 28 dpi (Fig. 2G). Virus isola-
tion was frequent 1-4 dpi from both nasal and oral swabs (20/20 and 16/20 respectively). As in hamsters, sgRNA 
levels were consistently ~ 1–2 logs lower than gRNA 2–4 dpi (Fig. S5C). Low, transient gRNA was detectable 

Figure 1.   Study plan parameters. (A) Study outline for evaluation of SARS-CoV-2 in multiple species. 
Major termination time-points of A, B and C at 2, 10 and 28 days post-infection (dpi) respectively; vertical 
blue arrows indicate sampling frequencies. At termination, tissues taken for analysis were lung, trachea, 
oesophagus, olfactory bulb, tongue, tonsil, salivary gland LN, salivary gland, aorta, heart, kidney, liver, MLN, 
PLN-LN, spleen, rectum, small intestine, large intestine. (B) weight loss profiles in female and male hamsters 
as percentage weight change from baseline (day of challenge) over 28 days (females, red) and 11 days (males, 
black). SE bars indicated; (C, D) clinical score comparison between female and male hamsters respectively; (E) 
strong linear relationship between SARS-CoV-2 E-gene genomic RNA (gRNA) expressed as log10 IU/mL against 
subgenomic (sg) Orf7 RNA levels expressed as log10 copies/mL in 51 combined nasal and oral swabs over the 
first 10 days of Vic-01 infection.
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in rectal swabs in cynomolgus macaques (S45, S46, S48) but infectious virus was not recovered onto VeroE6/
TMPRSS2 cells (Fig. S7).

Comparison of New World NHP species revealed differential susceptibility between marmosets and tamarins, 
but both lower than cynomolgus macaques. Notably, tamarins exhibited multiple markers of productive upper 
airway infection (Fig. 2I,J), peaking log10 5–7 IU/mL gRNA in oral and nasal swabs with some persisting signals 
14 dpi in oral swabs. Infectious virus was recovered from all tamarins from at least one time-point (1–3 dpi), 
more frequently from oral (9/20) than nasal swabs (4/20) that could not be attributed to in-put virus; NP anti-
gen was also detected in tamarin S111 2 dpi at peak gRNA; sgRNA signals were detected in tamarins but at low 
levels. Marmosets had significantly lower peak gRNA 2 dpi, undetectable 7 dpi (Fig. 2K,L); neither antigen nor 
infectious virus were detected at any point in marmosets. Despite overall lower infectivity levels in marmosets, 
both S75 and S74 signalled for gRNA significantly above threshold, S75 peaking ~ log10 5 IU/mL 2 dpi. Overall, 
applying multiple markers of decreasing virus infectivity, this Vic-01 passage 4 stock across the four species 
could be represented as:

Tissue biodistribution and timing of SARS‑CoV‑2 Vic‑01 genome detection.  Comparison of 
viral genome biodistribution across multiple anatomical sites for each species using an assay expressing genomic 
RNA levels as International Units (IU)/µg total RNA (Fig. 3), indicated differences in timing and distribution 

Cynomolgus macaques > hamsters > tamarins > marmosets

Figure 2.   Infectivity and shedding profiles of SARS-CoV-2/Vic-01 in four independent species. (A, B) 
Comparative shedding outcomes in nasal and oral/mouth swabs in female hamsters followed over the time 
course. SARS-CoV-2 genomic RNA levels expressed as Log10 International Units (IU)/mL calibrated against the 
WHO International Standard for SARS-CoV-2 RNA (NIBSC# 20/146/Eng02) amplified with E gene primers 
in nasal and oral swabs monitored over the 28 day time-course. Qualitative microculture data using VeroE6/
TMPRSS2 indicator cells shown in squares as green (no virus) and red (positive virus culture) at the times 
indicated. Red bars indicate positive antigen lateral flow device result where sampled. (C, D) Subgenomic 
(sg) RNA levels expressed as copies/mL in female hamsters over the acute period. (E, F) Genomic (g) and 
subgenomic RNA levels in faecal pellets recovered daily over the first 10 days in female hamsters. Comparable 
nasal and oral swab data are shown for the 3 NHP species: cynomolgus macaques (G, H), tamarins (I, J) and 
marmosets (K, L). Culture data are similarly indicated by red or green squares and lateral flow device result by 
red or green bars where sampled.
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Figure 3.   Anatomical biodistribution of SARS-CoV-2 genomic RNA. Multiple tissue extracts analysed for SARS-
CoV-2 RNA expressed as Log10 International Units (IU)/µg total RNA. (A) female hamsters compared across the 2, 
10 and 28 dpi time-course in multiple tissues from upper respiratory tract (URT), lung (L), lymphatic organs (LN), 
major abdominal organs (AO) and the gastrointestinal tract (GI); (B) cynomolgus macaque and (C) tamarins with a 
comparable set of tissues as indicated. (D) marmosets assayed at days 2 and 28 for a range of upper airway tissues and 
lung. Bars indicate tissues analysed which varied slightly across species; vertical bars up to the limit of detection of log10 
20 IU/µg total RNA indicate where a tissue was analysed but a negative result returned.
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between the upper and lower respiratory tracts and other sites across the time-course. In hamsters, all URT tis-
sues sampled 2dpi were positive or strongly gRNA positive, as was lung tissue, salivary gland LN, heart, aorta, 
small and large intestine and rectum (Fig. 3A) reflecting the high virus shedding from multiple sites. Trachea, 
oesophagus and lung tissue all signalled > log10 4 IU SARS-CoV-2 gRNA/µg total RNA, whereas the lymphoid 
system (spleen, mesenteric LN, peripheral LN) was genome negative. Heart and aorta tissue (S62) also sig-
nalled strongly, reflecting early widespread distribution and dissemination of SARS-CoV-2 in respiratory and 
cardiovascular systems but also the gastrointestinal tract (small and large intestines, rectum). At 10 dpi hamsters 
retained detectable gRNA only within the trachea (log10 3–5 IU/µg RNA). By contrast, in cynomolgus macaques, 
tongue, nostril and salivary gland LN were sporadically genome positive 2 dpi compared to 10 dpi where gRNA 
signal increased in multiple URT tissues (e.g. nostril, tongue, tonsil). In both species 28 dpi, signals were only 
detected sporadically, nostril and tear duct positive in cynomolgus macaques and trachea and aorta in hamsters. 
Overall, gRNA persistence in cynomolgus macaques tissues reflected virus detection in swabs.

In New World NHPs, tamarins exhibited high levels of acute SARS-CoV-2 gRNA in nasal turbinates, nostril 
and tongue 2 dpi with lower levels in small intestine and salivary gland LN (Fig. 3C); only tamarin S110 signalled 
gRNA positive in lung 28 dpi. In contrast to tamarins, marmosets remained gRNA negative in all upper airway 
and lung tissues analysed 2 and 28 dpi (Fig. 3D). These data indicate early genome distribution and levels in 
tamarins to be at least comparable to hamsters, exhibiting high acute phase viral dynamics.

Expression of nucleoprotein and spike antigens and RNAscope in hamster lung tissue.  Rapid 
and extensive virus dissemination in hamsters was further characterized in lung tissue for relative abundance of 
viral NP and S antigens and viral nucleic acid (Fig. 4, females; Fig. S8, males). In females 2 dpi, high levels of viral 
S and NP antigen labelling by IHC and concordant detection of nucleic acid by RNAscope was located mainly 
within bronchiolar epithelial cells. At 10 dpi, all three markers were reduced compared with 2 dpi though more 
marked for anti-NP labelling, anti-S levels remaining within areas of inflammation. Notably, by 28 dpi, all three 
markers were at high levels, co-localising with areas of lung inflammation detectable by H&E staining. Histo-
pathological changes across lung sections at each time-point with lesions corresponded to areas of brown label-
ling for nucleoprotein. It was not possible to interpret anti-S and anti-NP labelling within lungs of cynomolgus 
macaque, tamarin and marmoset due to antibody cross reactivity with antigens present in bronchiolar epithelial 
cells and vessel walls of lungs from naïve animals. Male hamsters exhibited concomitantly high levels of NP and 
S labelling with associated the pathological changes and more adverse clinical outcomes (Fig. S8).

Figure 4.   Detection and localisation of SARS-CoV-2 and sub-gross histopathological lesions in lung tissue. (A) 
RNAscope, nucleoprotein and spike protein detection in hamster lung sections across the 2, 10 and 28 day time-
course. (B) sub-gross pathologic analysis of lung sections at each time point indicated. Brown labelling indicates 
nucleoprotein in lesions taken as a focus of infection of SARS-CoV-2. Day 2, RCau (right caudal), RCra (right 
cranial); day 10 RCau (right caudal), RMid (right middle). Labelling intensity indicated by red bars (high), 
orange bars (intermediate) and yellow bars (low) for IHC panels.
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Early pathological changes following SARS‑CoV‑2/Vic‑01 infection persist in hamsters.  Lung 
histopathology following SARS-CoV-2 infection was determined for female and male hamsters by haematoxylin 
and eosin-staining (Figs. 5A, S9); key pathology markers scored blind by two board-certified veterinary patholo-
gists are presented in heat-map format (Figs. 6A,  S9). Percentage adjusted data for four key histopathologic 
indicators (alveolar wall necrosis, alveolar and bronchiolar inflammation and type 2 pneumocyte hyperplasia) 
were compared across species taking into account lesion distribution across the tissue section. Significant evi-
dence of altered vascular permeability/damage and blood coagulopathy 2dpi was linked with haemorrhage, 
inflammatory cell infiltrates and mild to moderate fibrin exudation with acute histopathological lesions and 
bronchiolar and alveolar inflammation. Some resolution was evident 10 dpi, though moderate/marked bronchi-
olar and alveolar inflammation, fibrin deposits and haemorrhage remained accompanied by type II pneumocyte 
hyperplasia. Hamster S61, with detectable viral RNA 28 dpi and strong IHC immunostaining with anti-S and 
anti-NP antibodies exhibited multifocal evidence of type II pneumocyte hyperplasia, mild fibrosis, low levels 
of alveolar and bronchiolar inflammation and most other descriptors of lung pathology; formation of hyaline 
membranes was not observed at any time-point.

In male hamsters, more extensive histopathological changes were observed humanely sacrificed 10 and 14 dpi 
(Fig. S9). Early, high levels of virus shedding and IHC lung staining for viral antigens was associated with more 
extensive and adverse clinical scoring especially alveolar wall inflammation and necrosis, type-2 pneumocyte 
hyperplasia, excessive fibrin exudation and haemorrhage.

Figure 5.   Comparative histopathological outcomes in lung section across the time-course of four species. 
Haematoxylin and eosin (H&E) staining of representative sections of lung tissue for: (A) female hamster lungs 
showing multifocally extensive alveolar wall congestion and mild to moderate protein-rich alveolar oedema. 
Foci of interstitial pneumonia with type II pneumocyte hyperplasia, and infiltrates of mixed inflammatory cells, 
including neutrophils, and single cell necrosis. (B) cynomolgus macaque; (S44, d28) diffuse, marked flooding 
of alveolar spaces with protein-rich oedema. (C) tamarin lung (e.g. S110, d28) typified by multifocal alveolar 
wall degeneration and necrosis with multifocal organising fibrin exudation. Alveolar wall necrosis, abundant 
fibrin exudation and hyaline membrane formation. (D) marmoset, showing multifocally extensive alveolar wall 
necrosis, intra-alveolar fibrin exudation and haemorrhage at day 28 (S74). Alveolar wall necrosis, abundant 
fibrin exudation and early hyaline membrane formation were present. Bar represents 50 µM.
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SARS‑CoV‑2/Vic‑01 lung pathology outcomes in Old and New World NHP species.  Compara-
tive lung pathology in Old World cynomolgus macaques and New World tamarins and marmosets are sum-
marised in Figs. 5B–D and 6 indicating early changes in lung pathology scores across species. In cynomolgus 
macaques, 2 dpi there was evidence of haemorrhage, fibrin deposits and alveolar inflammation; by 10 dpi overall 
pathology scores had increased with more significant alveolar inflammation and alveolar wall necrosis, though 
had mostly resolved 28 dpi. Lung histopathological changes determined for all three time-points in tamarins 
were generally mild; alveolar wall necrosis and inflammation mild to moderate, contrasting with marmosets 
which displayed more marked lung pathology 28  dpi. Within each NHP species more extensive pathology 
appeared related to overall levels of virus replication, whether due to a more aggressive acute infection profile 
or failure to fully clear virus at later times. Macaque S44, tamarin S110 and marmoset S75 all demonstrate this 
association, exhibiting significant SARS-CoV-2-related pathology 28 dpi. All 3 NHP species identified with early 
and sustained lung pathological consequences following intranasal-only virus challenge.

Morphological changes in cellular organelles in lung tissue across multiple species.  Ultras-
tructural analysis of lung tissue was undertaken by electron microscopy to assess the integrity, morphological 
changes and localisation of key cellular organelles (Figs. 7, S10). In hamsters (Fig. 7A–F), virions were identifi-
able in lung sections, associated with perinuclear replication organelles 10dpi when viral detection in the URT 
had largely resolved (Fig. 7A,B). Differences in morphology between infected and uninfected cells was observed 
at all timepoints associated with replication organelles. Evidence of mitochondrial disruption, with altered cris-
tae presentation was further associated with generalised disrupted cell ultrastructure at later times (day 28). 
Images for macaques (Fig. 7G–I) show virions identified in the replication organelle of cynomolgus macaque 
(e.g. S46). By 28 dpi more extensive evidence of mitochondrial damage was seen in the proximity of replication 
organelles. Direct identification of virus in lung tissue, longer term effects of virus infection on key cellular 
organelles in both hamsters and cynomolgus macaque appeared a common feature, with evidence of disrupted 
cellular organelles within infected and uninfected regions (Fig. 7I). In New World species, virus associated with 
nuclear membranes was observed in marmoset lung 2 dpi (S76) (Fig. 7J–L), suggestive of some transient virus 
replication in lung tissue. In both tamarins and marmosets, virus-like structures associated with replication 
organelles in lung tissue were observed by EM, providing direct evidence of rapid virus dissemination to this key 
site of SARS-CoV-2 pathology following intranasal virus exposure.

Variable anti‑SARS‑CoV‑2 responses across species.  Antibody responses across species were 
assessed using a species-independent competitive ACE-2 (C-ACE) assay to compare anti-RBD antibody 

Figure 6.   Comparative pathology scores in four species across the time-course. (A) histopathology outcome 
heat map scores in each species: 0 = minimal, 1 = mild, 2 = moderate, > 3 = marked. (B–E) percentage adjusted 
scores of overall pathology for each of alveolar wall necrosis, alveolar inflammation, bronchiolar inflammation 
and type 2 pneumocyte hyperplasia across the time-course for each of the four species. Cyno cynomolgus 
macaque, RBT red-bellied tamarin. Heat map graphics generated using GraphPad Prism version 9.3 software.
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responses and neutralising antibodies by live Vic-01/virus microneutralization assay (Fig. 8). By C-ACE-2 inhi-
bition assay, hamsters signalled strongly (100% inhibition 7dpi) at early time-points (Fig. 8A) indicative of rapid 
seroconversion. All 6 cynomolgus macaques also seroconverted, responses developing later 10–28 dpi (Fig. 8B); 
the highest percent inhibition by C-ACE-2 assay in macaque S44 correlated with persisting antigenaemia and 
gRNA detection. No sera from New World marmosets or tamarins signalled at any time-point above cut-off in 
the C-ACE-2 assay, (Fig. 8C,D). Female hamsters analysed by end-point titration in the C-ACE-2 assay indicated 
titres rising rapidly to plateau at log10 3 at 7 dpi (Fig. 8E). Sera collected 10 and 28 dpi tested by microneutralisa-
tion against Vic-01 confirmed data from the C-ACE-2 assay (Fig. 8F). Overall, very high titres (~ log10 4) were 
observed in hamsters, intermediate titres (log10 2–2.6) in cynomolgus macaques and no neutralising activity in 
either New World species.

Discussion
Clinical presentation of human SARS-CoV-2/Covid-19 infection and disease varies considerably. Accounting 
for this diversity in animal models represents a key part in experimental design of pre-clinical studies of SARS-
CoV-2, where different outcomes across species may provide conflicting interpretations. Using standardized 
methodologies, a well-characterised virus stock and common study plan we performed robust head-to-head 
comparisons of three NHPs (cynomolgus macaque, red-bellied tamarin, marmoset) and one small animal (Syr-
ian hamster) following non-invasive, I.N.-alone administration of the SARS-CoV-2/Victoria strain. Minimising 
inter-species anatomical differences and using the same inoculum dose and route of virus administration in all 
four species, diverse infectivity, virological and pathological outcomes were identified to reflect much of the 
range observed in humans, with pathophysiological features resembling human Covid-19 disease in hamsters 
to sub-clinical infection in New World monkey species. Notably, New World tamarins were identified as being 
susceptible to SARS-CoV-2. Despite species-specific susceptibility to infection, differing replication dynamics and 
virus sequestration when introduced intranasally, lung pathological consequences that extended to ultrastructural 
changes which impacted on cellular organelle integrity were observed across all species. In these predominantly 
asymptomatic models of SARS-CoV-2 infection, such alterations to lung organelle ultrastructure underscore 
wider pathological consequences after clearance of viral shedding.

While all Old World NHPs appear susceptible to SARS-CoV-2 infection, variable disease outcomes seem 
dependent on delivery route whether virus has been administered via combined I.N./I.T., sometimes in conjunc-
tion with other mucosal sites (e.g. ocular, oral) or an aerosol route27–31. Omittance of I.T./multi-mucosal virus 
routes allows some alignment of outcomes following aerosol inhalation of virus, with I.N-only administration 
identifying differences in timing and distribution of virus dissemination between NHP species and hamsters. In 
these Indonesian cynomolgus macaques, IN.-only virus yielded high levels of acute upper airway virus replica-
tion (peak ~ log10 9 gRNA IU/mL), greater than Syrian hamsters when compared using standardised genomic 
RNA assays for swabs and tissues. Indonesian cynomolgus macaques exhibit more outbred immunogenetic 
profiles than Mauritian-derived animals32, which perhaps accounts for divergent patterns of post-acute virus 
control and may better reflect differences in individual host susceptibility33. Comparative baseline data for Vic-
01-infected hamsters confirmed more severe clinical, virological and histopathological manifestations, typi-
fied by high acute virus in upper and lower respiratory tracts 2 dpi, rapid, widespread genome dissemination 
impacting respiratory, cardiovascular and gastrointestinal systems. While this acute response profile may not 
typically reflect human SARS-CoV-2 infection kinetics, differences in anatomical distribution of viral genome 
and virus kinetics between different species was evident using the same virus dose; acute disseminated Vic-01 
biodistribution in tissues cleared 10 dpi in hamsters compared with more persisting gRNA in upper airway tis-
sues of cynomolgus macaques.

Hence, many factors confer susceptibility and virulence of SARS-CoV-2 across diverse mammalian species. 
ACE-2 sequence homology across RBD/S remains an important consideration, though an absolute relationship 
does not exist. Pigs (Sus scrofa) should support SARS-CoV-2 replication based on ACE-2 predictions, but inde-
pendent studies demonstrate determined host resistance by multiple infection routes and challenge regimes34; 
other species, (e.g. cows, dogs, cats) exhibit variable susceptibilities to experimental infection35,36. Fewer in vivo 
studies of Platyrrhine family members exist37, though New World NHPs appear more refractory to SARS-CoV-2 
compared with Old World species14,37. In our study, high shedding and tissue dissemination profiles in hamsters 
and macaques contrasted with New World marmosets receiving the same virus dose via the same route. By con-
trast, tamarins supported high levels of virus in upper respiratory tract swabs and tissues, transient recovery of 
infectious virus by co-culture on VeroE6/TMPRSS2 cells portraying an intermediate picture between macaques 
and marmosets associated with identifiable lung pathology. Our marmoset findings broadly concur with studies 
delivering relatively high dose/volumes of virus via the I.T. route14, indicative of an intrinsically more refractory 
species to SARS-CoV-2 infection. Interestingly, we did detect virions in marmoset lung tissue 2 dpi by EM with 
evidence of long-term lung pathology 28 dpi suggestive of some initial up-take of virus in this species.

Tamarins therefore present with a different outcome to represent a hitherto unrecognized New World spe-
cies susceptible to SARS-CoV-2, supporting virus replication in the upper airway. Multiple URT tissues were 
strongly gRNA positive, with other biomarkers (e.g. infectious virus recovery, antigen) indicative of some on-
going, acute infection. Intriguingly, ACE-2/RBD sequence homology is similar between these two closely related 
species, tamarin ACE-2 possessing at least one amino acid (T27A) mutation under positive selection in bats 
(Chiroptera spp.)6. Productive upper airway infection of red-bellied tamarins, indigenous to Amazonian South 
America highlights potential exposure and transmission risk of a susceptible species with proximity to human 
populations that experienced high levels of SARS-CoV-2 exposure38,39. Transfer of virus into otherwise naïve 
animal reservoirs remains a concern, since North American white-tailed deer susceptible to SARS-CoV-2 have a 
seroprevalence of ~ 40%40, deer mice exhibit evidence of sustained populational virus exposure41,42 and mustelids 
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(e.g. mink) can be infected with SARS-CoV-2 leading to clinical disease43,44. Potential for reverse zoonoses of 
SARS-CoV-2 into susceptible species may therefore be more common than hitherto anticipated, re-introduction 
into human populations posing a potential risk if adaptive virus evolution has occurred.

The administration of a single, common dose to the four susceptible species highlights differential outcomes 
to SARS-CoV-2 infection characterized by variable virus clearance, biodistribution and pathology. The use of a 
common dose is essential for species comparison studies since different outcomes have been reported in ham-
sters relating to the infectious dose administered45. Here, four species exposed to the same viral dose, displayed 
pathology outcomes 28 dpi that reflect potential long-term effects even in apparently less susceptible hosts. 
Conventional lung pathology coupled with alterations in ultrastructural integrity identified by electron micros-
copy 10–28 dpi in post-acute/chronic phases indicate an impact on lung integrity extending beyond times when 
the majority of virus has cleared from most sites. Coronaviruses induce membrane re-arrangements in order to 
replicate efficiently and assemble46–48. However we showed that species supporting virus replication during the 
acute phase exhibited longer-term physiological changes to lung cellular organelles, including mitochondria, with 
evidence of virus associated with replication organelles and generalised ultrastructural disruption. Interestingly, 
virions in tamarin lung tissue 2 dpi by EM were less evident, possibly explaining some pathology score differ-
ences 28 dpi between marmosets and tamarins. The wider impact of the virus on mitochondrial integrity and 
other key cellular organelles, implies underlying mechanistic effects of physiological function after SARS-CoV-2 
infection49 in otherwise asymptomatic infections. Full resolution of these morphological changes may be crucial 
to a return to normal physiological function.

A number of infection biomarkers were employed in this study to compare outcomes. Harmonisation of data 
was further facilitated by incorporation of International Standards and reference materials (e.g. genome and/or 
antibody) to bridge between animal and human studies50. Genomic RNA read-outs expressed in IU/mL against 
the WHO IS for SARS-CoV-2 RNA allows for potential harmonisation of gRNA data. Standardised gRNA cor-
related with sgRNA at different stages of acute/post-acute (1–10 days) infection, the latter representing a possible 
surrogate biomarker for infectious virus51. The advantage of the WHO IS material is that unlike multiple sgRNA 
target sequences (e.g. N, E, Orfs), comparative data is more readily generated. Interestingly, ORF-7 sgRNA levels 
detectable in hamster faecal pellets over this period correlated with higher levels of sustained gRNA signals, yet 
infectious virus was never recovered reflecting wider observations of an apparent absence of infectious SARS-
CoV-2 in faecal material despite widespread presence of SARS-CoV-2 RNA in wastewater15,52. Hence, different 
infectivity biomarkers at multiple sampling sites provide the fullest picture of active virus replication, in con-
junction with detection of viral antigen expression in key target tissues; NP rather than S staining in lung tissue 
better reflected changes in antigenic expression over the time-course in hamsters.

New World hosts which fail to seroconvert may be a feature of this group, with variable antibody responses 
detected across all species studied. Natural host resistance to infection and dose response characteristics likely 
overlap in any given species as seroconversion to aerosol administered virus in cynomolgus macaques has been 
shown to be dose-dependent28 and a minority of humans fail to seroconvert during natural infection with abor-
tive or subclinical infection linked to enhanced T-cell surveillance in the absence of classical infection markers33. 
Antibody responses against non-RBD, off-target epitopes and non-neutralising responses would clarify serologi-
cal responses in New World species but clearly contrasts with rapid, robust seroconversion in hamsters to RBD/S 
7–10 dpi; macaques displayed intermediate responses more typical of human antibody profiles.

Insights into the widest host range susceptibility to SARS-CoV-2 will further inform our understanding for 
potential novel animal reservoirs to be generated, the ecology and pathogenesis of novel SARS-CoV-2 variants 
further influenced as the virus evolves under different selection pressures. As novel variants continue to emerge, 
where evolutionary pressures impact on interactions with ACE-2 and TMPRSSS2, this work provides a baseline 
for on-going VOC characterization, particularly in the hamster model. As the longer-term impact and wider 
consequences of otherwise asymptomatic SARS-CoV-2 becomes better recognized, development of novel inter-
ventions aimed at minimizing these effects in non-hospitalised patients may be accelerated in these asymptomatic 
hosts, providing a robust scientific regulatory framework for evaluation of effective virus countermeasures.

Moreover, our data underline the need for on-going refinement of animal models for SARS-CoV-2 as a 
pre-requisite for pre-clinical testing evaluation of candidate prophylaxis and disease treatments, including 

Figure 7.   Tokuyasu cryo sections of lung tissue. At day 2 in hamster lungs (S62), virions (white open 
arrowheads) were visualised (A) and associated with perinuclear replication organelles (dotted ellipses) (B). 
At 10 dpi (S65) SARS-CoV-2 virion-like particles were further identified in lung tissue (C) with evidence of 
possible budding (D). Differences in morphology between infected cells and cells without current infection are 
apparent in hamster S60 extending out to 28 dpi (E) with replication organelles visible in infected cells (bottom 
cell). (F) (S60) is a higher magnification of E showing the replication organelle and mitochondria (black open 
arrowheads) with evidence of disrupted cristae indicating more generalised disrupted cell ultrastructure. (G–I) 
cynomolgus macaques S48, S46, S45 at days 2, 10 and 28 respectively. Virions shown (day10) with evidence 
of disrupted mitochondria 28dpi (panel I). (J–L) membrane-associated virions identified in marmoset S76 
2 dpi. (M, N), tamarin lung S112 at day 2 with evidence of virions associated with a replication organelle. 
(O) uninfected hamster lung (S90) displays long sections of endoplasmic reticulum (er) in the perinuclear 
region. Magnifications range from 6000 × to 25,000 × with all scale bars corresponding to 500 nm. Annotations 
correspond to white open arrowheads, virions; black open arrowheads, mitochondria; and dotted ellipses, 
replication organelle. White asterisk, back asterisk and er denote collagen fibrils, nucleus and endoplasmic 
reticulum respectively.

◂
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vaccines, defining correlates of protection and immunity and to elucidate the longer term pathological effects 
of SARS-CoV-2.

Materials and methods
Virus stock preparation and deep sequencing.  The Victoria-01/2020 isolate, originating from the 
Doherty Institute, Melbourne, Victoria, Australia was obtained via UKHSA/Porton, UK at passage #3, propa-
gated once more at NIBSC at MOI 0.001 on Vero/hSLAM or VeroE6/TMPRSS2 cells to derive two independent 
stocks of Vic-01. All animals were challenged with a bulk passage #4 stock grown on Vero/hSLAM cells with a 
final titre of 2 × 106 TCID50/mL. Next generation sequencing for amplicon-based recovery of SARS-CoV-2 RNA 
using Illumina technology, generated deep sequence to confirm the genetic identity as wild type virus and lack 
of attenuating mutations in the furin cleavage site and elsewhere.

Sequencing the VeroE6/TMPRSS2 expanded stock was made using 30 overlapping primer pairs53; for the 
Vero/hSLAM stock additional sequence for the terminal amplicons were extended using nCOV2019_1_LEFT 
and nCOV2019_98_RIGHT from ARCTIC nCOV-2019 V3 panel54 to pair SARS-COV-2_1_R and SARS-COV-
2_30_F respectively to generate a near complete sequence. Sequencing libraries were constructed using the DNA 
Prep kit (formerly known as Nextera DNA Flex) and IDT for Illumina Nextera DNA unique dual indexes (both 
Illumina, San Diego, CA, USA), as per manufacturer’s instructions. Sample purification bead master mix was 
adjusted to 1:1 ratio to produce libraries with a larger insert size.

Libraries were subsequently pooled and sequenced on an Illumina MiSeq platform at 250 bp paired-end 
reads (Illumina). Initial de-multiplexing and FASTQ conversion was performed on-board by the MiSeq reporter 
software.

Bioinformatics.  Data generated from overlapping amplicon fragments were analysed using a bespoke bio-
informatics pipeline incorporating Lofreq and iVar55 variant calling programmes. Illumina MiSeq generated 
sequence data from individual amplicons, trimmed and aligned against refseq_NC_045512_covid19_Wuhan, 
then sequence output merged. Variants were called using iVar and LoFreq separately, then collated. Sequence 
files are deposited as an SRA biosample submission under entries: SAMN18632196 SARS‐CoV‐2/human/
AUS/VIC01/2020 https://​www.​ncbi.​nlm.​nih.​gov/​biosa​mple/​SAMN1​86321​96 SRA and SAMN18632233 SARS‐
CoV‐2/human/AUS/VIC01/2020 https://​www.​ncbi.​nlm.​nih.​gov/​biosa​mple/​SAMN1​86322​33 SRA.

Ethics statement.  All animal procedures and protocols were conducted in strict accordance with UK 
Home Office guidelines, under a licence granted by the Secretary of State for the Home Office which approved 

Figure 8.   Time-course of anti-SARS-CoV-2 responses across species. Anti-RBD antibodies detected by the 
Genscript surrogate competition ACE-2 neutralisation (C-ACE-2) assay expressed as percentage inhibition 
(relative units) for (A) female hamsters, (B) cynomolgus macaque, (C) tamarin, (D) marmoset 0-28dpi. 
Dotted lines indicate assay cut-off of specific reactivity. (E) Log10 end-point titers measured in hamster sera by 
C-ACE-2 assay, (F) titres by microneutralisation assay (MNA) 10 and 28 days post-infection for hamsters (blue), 
cynomolgus macaques (red), tamarins (dark green) and for marmosets at day 28 (light green).

https://www.ncbi.nlm.nih.gov/biosample/SAMN18632196
https://www.ncbi.nlm.nih.gov/biosample/SAMN18632233
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the work described. Animal work at NIBSC is governed by the Animals (Scientific Procedures) Act 1986 that 
complies with the EC Directive 86/609; this study was performed under a licence (PPL2209804) granted only 
after review of all procedures by the NIBSC local Animal Welfare and Ethical Review Body and in accordance 
with ARRIVE guidelines. All experimental protocols and procedures were approved by the UK Home Office 
and NIBSC AWERB committee in light of best current practice for SARS-CoV-2/Covid-19 animal experimen-
tation, guided by the most recent expertise shared through expert group meetings (e.g. WHO animal model 
expert group). This was particularly the case for experimental work involving hamsters for interpretation of 
clinical outcomes and animal welfare. For NHPs, regular modifications to the housing area have been made by 
husbandry staff including availability of novel structures (e.g. swings and perching stations) and foodstuffs in 
novel manners to encourage foraging for food, to further enrich the study environment. The environmental tem-
perature (15–24 °C), was appropriate and rooms were subject to a 12 h day/night cycle of lighting. Animals were 
acclimatised to their environment and deemed to be healthy by the named veterinary surgeon prior to inclu-
sion on the study. NHPs were sedated with ketamine prior to bleeding or virus inoculation by venepuncture. 
Frequent checks were made by staff and any unexpected change in behaviour by individuals on study followed 
up, including seeking of veterinary advice where necessary. All efforts were made to minimise animal suffering, 
including provision of a high standard of housing quarters, monitoring of animal health and well-being and 
absence of procedures not essential to the study.

Challenge study design.  A final challenge titre of 5 × 104 TCID50 of the deep sequenced passage 4 SARS-
CoV-2/Victoria-01 stock was administered atraumatically via the intranasal (I.N.) route to each of 12 Syrian 
golden hamsters (6 female, 6 male); 6 cynomolgus macaques (female) 4 common marmosets (2 male, 2 female) 
and 9 red-bellied tamarins (1 male, 8 females) according to the study plan summarized in Fig. 1A. 50ul final 
volume of the 2 × 106 TCID50 stock was administered to each hamster. New World NHPs were challenged with 
the same dose/volume as hamsters, 50 µL administered volume to marmosets and tamarins, with 50 µL virus in 
500 µL final volume administered to macaques taking into account the inter-species size difference. All challenge 
protocols and practices were regularly reviewed by veterinarian and animal husbandry staff at NIBSC.

Clinical monitoring.  During a one-week pre-challenge acclimatisation period, remote transponder chip 
implants (IPTT-300) were surgically delivered to hamsters by sub-cutaneous injection to provide a measure of 
body temperature. Baseline weight loss/gain measurements were determined for individual hamsters following 
a 7-day monitoring period of weights prior to challenge, to obviate individual weight variations. Weight loss 
at day of challenge was taken as a baseline reading. Virus was administered directly to the nostrils by pipette 
(50 µL total volume equally distributed between nostrils) representing 5 × 104 TCID50 viral stock inoculum as 
the final administered dose. Hamsters were weighed twice daily (am, pm) and monitored for clinical signs. 
Clinical scores were recorded using a range of criteria such as behaviour, appearance (ruffled fur, piloerection), 
breathing response and ear position. Temperature fluctuations in NHPs were monitored by implanted devices 
that transmitted data to a receiver every 30 s, captured and an average temperature per hour calculated for each 
individual. All four species were humanely sacrificed in conjunction with a full cardiac bleed performed under 
terminal/surgical sedation (ketamine/xylazine) with an overdose of a pentobarbitol solution (Dolethal/Euthatal) 
via the cardiac route.

Sampling and tissue recovery.  Throughout the study period, intensive sampling by means of nasal and 
oropharyngeal sites were taken from each animal at days 0, 1, 2, 3, 4, 7, 10, 14, 21 and 28 post challenge. Swabs 
were taken into 1.2 mL Virus Transport Medium (VTM; Viral Transport Media: Hanks Buffered Salt Solution 
(Gibco), 2% FCS, 0.5 µg/mL Amphotericin B, 100U/mL penicillin/streptomycin). Rectal swabs from cynomol-
gus macaques and faecal pellets were collected sequentially from hamsters following virus challenge. At post-
mortem, intact lungs and a broad tissue list were harvested from major anatomical sites of upper respiratory 
tract, lung tissue, the major lymphatic organs, abdominal organs and the gastrointestinal tract as detailed in 
Fig. 3. For PCR analyses both fresh frozen and RNA later (Qiagen) aliquots were preserved for PCR analyses 
according to manufacturer’s recommendations. Lung tissue was fixed for 72 h at room temperature in 10% for-
mal saline (Sigma) and embedded in paraffin wax (VWR) in accordance with standard histological processes.

Quantitative RT‑qPCR analysis of swabs.  Oro- and nasopharyngeal swabs were subjected to RT-qPCR 
analyses for presence of viral genome. The limit of detection for viral genomic RNA was determined to be 
log10 50 IU/mL. Comparison of regression data for the WHO IS NIBSC 20/1456 and the Vic-01 standard series 
are shown in Fig. S11. Total nucleic acid was extracted from 200 µL using the MagnaPure24 (Roche) External 
Lysis Pathogen 200 protocol with a final elution into 50  µL. Quantitative measurements were made using a 
working panel of the VIC-01 isolate (NIBSC# 100987) derived by ten-fold dilution in VTM, single-use 200 µL 
aliquots made and frozen at − 80 °C until required. SARS-CoV-2 NAT IS (NIBSC 19/304) was resuspended as 
per instructions for use and diluted in twelve half-log steps in VTM. Nucleic acid extractions were performed 
in duplicate on a Roche MagNA Pure 24 extraction platform and from a 50 µL eluate, 5 µL used in triplicate 
RT-qPCR reactions on an Agilent genetic analyser targeting the E gene using primers, probe and conditions 
published in Corman et al.,56. Viral shedding data was finally expressed as Log10 genomic RNA expressed as 
International Units per mL (IU/mL) calibrated against the WHO RNA International Standard (IS) for SARS-
CoV-2 RNA (NIBSC: 20/146) following triplicate regression analysis with comparison of the Vic-01 standard 
curve analysed in parallel with the WHO IS.
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Subgenomic RNA quantification.  ORF-7 subgenomic transcripts were quantified from RNA derived 
from swabs and faecal pellets using published primer sequences13, with triplicate RT-qPCR reactions containing 
5 µL extracted RNA quantified against a dilution series of synthesised plasmid (Genewiz) containing 5′UTR and 
ORF-7 primer and probe targets.

Forward-TCC​CAG​GTA​ACA​AAC​CAA​CC, Reverse-GCT​CAC​AAG​TAG​CGA​GTG​TTAT, FAM-ZEN-CTT​
GTA​GAT​CTG​TTC​TCT​AAA​CGA​AC-IBFQ (probe). Data are expressed as log10 subgenomic RNA copies/mL.

Extraction and quantification of tissue RNA by RT‑qPCR.  Tissues preserved in RNAlater were sub-
jected to a total RNA extraction protocol. Data are expressed as Log10 IU/µg total RNA for each tissue. Tissue was 
first disrupted and homogenised by bead beating (Qiagen Tissuelyser), strained (BD Biosciences, Filcon, cup 
type #340631) and total RNA extracted as described above on the automated MagnaPure24 platform (Roche). 
Total recovered nucleic acid was quantified by spectroscopy and 100 ng loaded per triplicate RT-qPCR reaction 
as described. House-keeping genes rhGAPDH57 or RLP18 RT-PCR58 were assayed in parallel to identify possible 
PCR inhibition. Normalisation of input using Nanodrop and triplicate PCRs were performed on an Agilent 
genetic analyser with housekeeping gene using RLP 18 (hamster) RLP18F-GTT​TAT​GAG​TCG​CAC​TAA​CCG 
and RLP18R-TGT​TCT​CTC​GGC​CAG​GAA​ with RLP18TM 6-FAM TCT​GTC​CCT​GTC​CCG​GAT​GATC BHQ1 
probe. GAPDH analysis of NHP samples was applied as previously described57 qGAPDH-R GGC​TGA​GAA​
CGG​GAA​GCT​C; qGAPDH-F AGG​GAT​CTC​GCT​CCT​GGA​A and probe rhGAPDH-P 6FAM TCA​TCA​ATG​
GAA​GCC​CCA​TCA​CCA​-BHQ1.

Serology.  Competition ELISA, cPass™ SARS-CoV-2 Neutralization Antibody Detection Kit (Genscript, 
L00847), which detects antibodies that bind competitively to the receptor binding domain (RBD) of SARS-
CoV-2 was used according to the manufacturer’s instructions. Where undiluted samples achieved 100% compe-
tition eight two-fold serial dilution of the sample were prepared to titrate antibody concentration and obtain a 
reading within the dynamic range of the assay. Neutralising antibody titres were assessed using a microneutrali-
sation assay (MNA)59.

Virus microculture.  Virus culture was assessed in microtiter plate format using VeroE6/TMPRSS2 cells. 
20 µL of 1.2 mLs VTM sample was added to duplicate cultures of VeroE6/TMPRSS2 cells (undiluted or 1:2 
dilution) in VTM to mitigate interfering or inhibitory/contaminating factors. VeroE6/TMPRSS2 cells seeded 
into 96 well plates (2 × 104/well/100 µL) were settled overnight prior to washing with PBS and infection for 1 h. 
200 µL media was added, cells incubated for 3 days, supernatant removed and cells fixed for 30 min with 4% 
NBF and stained with 0.5% methyl violet. Cell death was observed, a sample considered positive by culture if at 
least one of four replicate wells showed destruction of the cell monolayer and presence of SARS-CoV-2 verified 
by RT-qPCR.

Rapid antigen (lateral flow) test.  BioSensor SARS-CoV-2 Ag point of care kits (Oxford Biosystems) 
were performed in accordance with manufacturers’ instructions. 350 µL VTM mixed with swabs (nasal or oral) 
were added to lateral flow devices, the output scored according to the WHO scoring system (https://​extra​net.​
who.​int/​pqweb/​vitro-​diagn​ostics/​perfo​rmance-​evalu​ation) and photographed for evidence.

Immunohistochemistry.  Immunohistochemical staining was performed using the Leica Bond RXm auto-
mated stainer, Bond Polymer Refine staining system (Leica Microsystems DS9800) and associated Leica Bond 
consumables. Onboard de-waxing was performed in accordance with the standard Leica Bond protocol and 
staining undertaken using IHC Protocol F with the following adaptations: additional non-specific block prior to 
primary antibody incubation (10% normal horse serum (Biorad), 1 × Caesin (Vector Labs) in PBS) and extended 
haematoxylin staining time (10 min). Antigen unmasking to allow antibody binding was undertaken using opti-
mised conditions for each antibody/antigen combination. Antibodies were diluted to their optimal staining 
concentration in Bond primary antibody diluent (Leica, AR9352). SARS-CoV-2 Spike protein: 1:1000 HIER1 
(Leica, AR9961) 30 min, (Rabbit PAb 40150-T62-COV2-SIB, Stratech Scientific /SinoBiologicals, SARS-CoV-2 
Nucleoprotein: 1:2000 HIER 1 (Leica, AR9961) 30 min, (Mouse Mab 40143-MM05-SIB, Stratech Scientific /
SinoBiologicals.

Histopathology analyses and scoring.  Four micron thick sections were mounted on poly-l-lysine 
coated slides (VWR). Prior to manual staining protocols, sections were de-waxed with xylene (Fisher Scientific) 
and re-hydrated via graded ethanol: water solutions (Fisher Scientific). Lung sections were stained in accordance 
with standard histological procedures. H&E sections were evaluated for pathological changes associated with 
disease and assigned a score (0–4; absent, minimal, mild, moderate and marked) for each variable, indepen-
dently assessed by two board-certified veterinary pathologists blinded to the experimental details.

RNAscope in  situ hybridisation.  In situ RNA detection was performed using the RNAscope 2.5 
HD manual DAB detection system (Advanced Cell Diagnostics, 322300) and a SARS-CoV-2 specific probe 
(V-nCoV2019-S-sense 845701/V-nCoV2019-S 848561) in accordance with manufacturer’s instructions. Negative 
(DaPB 310043) and positive (Hs-UBC 310041/Mfa-UBC 461331) control probes were used to assess technique 
efficiency. Equivalent tissue sections from infection naïve cynomolgus macaques and hamsters were stained with 
SARS-CoV-2 specific, positive or negative control probes to determine species tissue cross-reactivities. Sections 
were manually counter stained with haematoxylin.

https://extranet.who.int/pqweb/vitro-diagnostics/performance-evaluation
https://extranet.who.int/pqweb/vitro-diagnostics/performance-evaluation
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Electron microscopy.  Samples were prepared for cryosectioning according to the method of Tokuyasu 
et al.60. Briefly, post-mortem biopsies of lung were chemically fixed in 2% formaldehyde and 0.125% glutaralde-
hyde in PBS for a minimum of 1 h at room temperature and 24 h at 4 °C. Fixed material was re-sectioned to pro-
duce ~ 1 mm3 cubes on material infiltrated with liquid 12% gelatine in PBS at 37 °C for 36 h with rotation. Tissue 
cubes were solidified on ice before transfer to cryovials containing 2.3 M sucrose in PBS, transferred to 4 °C 
with agitation for a minimum of 24 h. Individual cubes were trimmed to remove excess gelatine and mounted 
onto aluminium specimen pins, excess sucrose solution removed, and the pin and sample plunged into liquid 
nitrogen. Frozen samples of lung form each species were transferred to a precooled UC6 cryo-microtome at 
− 120 °C and section of 70–150 nm and cut with a diamond knife (Leica Microsystems (UK) Ltd, Milton Keynes, 
UK and Diatome, Biel/Bienne, Switzerland respectively). Frozen sections were collected on a 1:1 mixture of 2% 
methylcellulose and 2.3 M sucrose mounted on carbon-coated copper grids (Agar Scientific, Stanstead, UK) 
and prepared for imaging. Grids were transferred through a series of droplets of 1% glutaraldehyde in dH2O, 
1.5% glycine in dH2O, dH2O before being embedded in a thin layer of 2% methylcellulose with 0.4% uranyl 
acetate, pH 4.0, and air-dried. Grids prepared for immunolabelling were prepared by transfer through a series of 
droplets, 1.5% glycine in dH2O, then 1% BSA in PBS before incubation with primary antibody for 1 h at room 
temperature; followed by further BSA washes and incubation with secondary antibody conjugated to 10 nm 
gold for an additional hour. Grids were washed with dH20, fixed with 1% glutaraldehyde and embedded in thin 
layer of 2% methylcellulose with 0.4% uranyl acetate, as above. Sections were imaged for electron microscopy in 
a JEOL JEM 2100 electron microscopes (JEOL (UK) Ltd., Welwyn Garden City, UK) at magnifications ranging 
from 2000 × to 30,000 ×. Images were captured on a Gatan US4000 CCD camera running Digital micrograph 
software (Gatan Inc., Pleasanton, CA).

Statistics.  Statistical analyses and graphing were performed using SigmaPlot v12.5. Additional graphing was 
performed using GraphPad Prism Version 9.3. All images presented in manuscript were generated by co-authors 
with these two software versions.

Data availability
The DNA sequence datasets generated during the current study are available as SRA biosample submissions under 
entries: SAMN18632196 SARS‐CoV‐2/human/AUS/VIC01/2020 and SAMN18632233 SARS‐CoV‐2/human/
AUS/VIC01/2020 at weblinks https://​www.​ncbi.​nlm.​nih.​gov/​biosa​mple/​SAMN1​86321​96 SRA and https://​www.​
ncbi.​nlm.​nih.​gov/​biosa​mple/​SAMN1​86322​33 SRA respectively.
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