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Gonçalves et al., iScience 26,
105972
February 17, 2023 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.105972

mailto:margarida.saraiva@ibmc.up.pt
https://doi.org/10.1016/j.isci.2023.105972
https://doi.org/10.1016/j.isci.2023.105972
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.105972&domain=pdf


iScience

Article

SARS-CoV-2 variants induce distinct disease
and impact in the bone marrow and thymus of mice

Rute Gonçalves,1,6 Joana Couto,1,6 Pedro Ferreirinha,1,2 José Maria Costa,1,3 Diogo Silvério,1,4 Marta L. Silva,1,4

Ana Isabel Fernandes,1,4 Pedro Madureira,1,5 Nuno L. Alves,1,2 Sofia Lamas,1,2 and Margarida Saraiva1,2,7,*

SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has evolved to
variants associated with milder disease. We employed the k18-hACE2 mouse
model to study how differences in the course of infection by SARS-CoV-2 variants
alpha, delta, and omicron relate to tissue pathology and the immune response
triggered. We documented a variant-specific pattern of infection severity,
inducing discrete lung and blood immune responses and differentially impacting
primary lymphoid organs. Infections with variants alpha and delta promoted
bone marrow (BM) emergency myelopoiesis, with blood and lung neutrophilia.
The defects in the BM hematopoietic compartment extended to the thymus,
with the infection by the alpha variant provoking a marked thymic atrophy.
Importantly, the changes in the immune responses correlated with the severity
of infection. Our study provides a comprehensive platform to investigate the
modulation of disease by SARS-CoV-2 variants and underscores the impact of
this infection on the function of primary lymphoid organs.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which causes the coronavirus

disease 2019 (COVID-19), rapidly evolved into a world pandemic. As of June 2022, more than 535 million

COVID-19 cases and over 6.3 million deaths were reported (https://ourworldindata.org/). New variants

of SARS-CoV-2 have been identified, some of which with increased ability to spread and displace local

variants, and/or to evade previously established protective immunological memory responses.1,2 This

has been the case of variants B.1.1.7 (alpha), B.1.617.2 (delta) and most recently B.1.1.529 (omicron), all

classified as variants of concern (VOCs) by the WHO and responsible for worldwide COVID-19 waves.3

The mouse, owing to its tractability, is an attractive model to study the dynamics of SARS-CoV-2 viral repli-

cation, disease pathogenesis, and host immune responses, as well as being used to test therapies and

vaccines against COVID-19. Different strategies were developed to overcome the specificity of human

versus mouse ACE2 receptor,4 and thus ensure an efficient SARS-CoV-2 infection. These include the

transient delivery of hACE2 by adenoviruses or adenoviral-based vectors,5 the expression of hACE2 by

the mouse promoter6,7 or as a transgene driven by heterologous gene promoters, as the epithelial cytoker-

atin-18 (k18) promoter.8 The k18-hACE2 mouse is widely used in COVID-19 research. Several studies9–15

show that the intranasal infection of k18-hACE2 mice with SARS-CoV-2 mimics clinical traits of severe

infection reported in humans.16 These include marked lung inflammation, tissue pathology, and impaired

function; dissemination of the virus from the lung to other organs; severe neurologic signs and multiorgan

failure; pronounced weight loss and limited survival of the animals. Importantly, several studies reported

variant-specific effects on the pathogenic patterns and clinical outcomes of SARS-CoV-2-infected k18-

hACE2 mice. Both the alpha and beta variants were more lethal than the original SARS-CoV-2 variant.12

Global differences in survival of k18-hACE2 mice were also reported upon infection with SARS-CoV-2

variants gamma, alpha, beta, iota, and delta.17 Very recent reports provide evidence for attenuated path-

ogenicity of the omicron VOC.18,19 Supported by epidemiologic data available for humans,1,9,19–22 these

studies collectively suggest that intrinsic properties of the viral variant maymodulate the course of infection

and spectrum of disease.

Despite our growing knowledge of the impact of SARS-CoV-2 infection on the hematopoietic system and

how it in turn shapes the outcome of COVID-19, very little is known about the effects of the infection in

1i3S - Instituto de
Investigação e Inovação em
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primary lymphoid organs. Patients with COVID-19 present expansion of neutrophils in the blood and

increased recruitment of these cells to the lung,23,24 with declines in the proportion of circulatory mono-

cytes and an overall severe lymphopenia.23 Furthermore, an increased abundance of CD71+ erythroid pre-

cursors/progenitors was observed in patients with COVID-19,25 as were episodes of thrombocytopenia and

thrombosis.26 These findings suggest that SARS-CoV-2 infection expectedly impacts in the hematopoietic

process, as it has been described for other pathogens. Several pathogens are known to infect the bone

marrow (BM) and thymus which, in turn, alter the hematopoietic function of these organs during

infection.27,28

Here, we compared the infection and pathogenic pattern of the three most recent and high-impact SARS-

CoV-2 variants (alpha, B.1.1.7; delta, B.1.617.2; and omicron, BA.1.18/B.1.1.529.1.18) in k18-hACE2 mice. In

line with reports in human patients,1,9,19–22 we found the omicron variant to be the least pathogenic across

all different parameters, including clinical scores, organ pathology, and the magnitude of the anti-viral im-

mune response. We also found that infection-induced alterations extended to primary lymphoid organs.

Namely, we show that the BM hematopoietic progenitor compartment is altered by the infection, with pro-

genitor cells displaying a bias toward myeloid differentiation, an alteration that may underlie the pro-

nounced neutrophilia seen upon infection with SARS-CoV-2 variants alpha and delta. The thymus was

also markedly affected by infection with these variants, showing a severe decrease in its function. The

impact of the infection on the tissue, blood, and primary lymphoid organs’ immune composition correlated

with the severity of infection reflected in the clinical score attributed to each animal. These findings reveal

both links between immunity and COVID-19 severity and a broad impact of SARS-CoV-2 infection in pri-

mary lymphoid organs, offering exciting avenues for future research toward the understanding of the

full impact of SARS-CoV-2 infection in the immune system.

RESULTS

Differential disease outcomes in k18-hACE2 mice infected with SARS-CoV-2 alpha, delta, and

omicron variants

To study the relationship between the dose of infection and relative pathogenicity of the SARS-CoV-2

VOCs alpha (B.1.1.7), delta (B.1.617.2), and omicron (B.1.1.529.1.18) in k18-hACE2 mice, we started by

comparing the outcome of infection with increasing doses of the alpha variant, given the wealth of available

data for this VOC.12,14,19,29 In line with previous results, infection with the SARS-CoV-2 alpha variant was

highly severe across the three tested doses, with poor survival of mice infected with the highest tested

dose (1 3 105 PFU) of virus (Figure S1A). Independently of the dose, all infected mice displayed weight

loss (Figure S1B) and increased clinical scores (Figure S1C; and Table 1 for clinical scoring criteria) from

day 4 post-infection, which despite some variation within each experimental group, correlated with the

infectious dose. All animals infected with the high dose displayed neurologic symptoms and over 50%

also showed dyspnoea, whereas these symptoms were lower for the other two doses tested (Figure S1D).

The macroscopic scoring of several organs was consistent with these findings, with more pronounced

alterations seen as the dose of inoculum increased (Figures S1E; and S2A and Table 2 for scoring criteria).

Considering the previously described neurologic alterations,11,30 we analyzed the brain during the nec-

ropsy of mice infected with intermediate doses of the alpha variant. Macroscopic scores compatible

with brain invasion and damage were attributed to all mice (Figure S1F). Overall, the low and intermediate

infection doses of the alpha variant resulted in clinical scores lower than 15 (the adopted value for humane

end-point (HEP) application). Clinical and organ scores were directly related, mainly due to graded

changes in weight and respiratory distress. Of note, the viral loads assessed by RNA quantification in

the lungs on day 6 post-infection were significantly higher in the case of the high infection dose

(Figure S1G).

Given the extreme severity observed for the intermediate and highest viral doses, we infected k18-hACE2

mice with the lowest tested dose (1 3 104 PFU) of SARS-CoV-2 delta (B.1.617.2) or omicron (B1.1.529.1.18)

variants and compared the course of infection to that of a similar dose of the alpha variant, over 6 days.

Lowest clinical scores were observed for mice infected with the omicron variant, followed by alpha- and

delta-infected mice (Figure 1A; and Table 1 for clinical scoring criteria). None of the animals infected

with the omicron variant reached the clinical score for HEP (Figure 1A). The three variants commonly led

to weight loss, which was aggravated in infections with alpha and delta variants (Figure 1B). Overall,

mice infected with the alpha variant displayed the highest diversity of symptomatology, with 100% of

them exhibiting piloerection and behavioral changes (Figure 1C), whereas 100% of mice infected with a
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delta variant displayed dyspnoea (Figure 1C). Macroscopic inspection of the lung on day 6 post-infection

showed that all mice infected with the delta variant displayed alterations, including hemorrhagic, edema-

tous, or congestive areas, whereas lung macroscopic alterations upon infection with the alpha and the

omicron variants were variable (Figure 1D; and Figure S2A and Table 2 for scoring criteria). Furthermore,

we detected macroscopic alterations in the stomach and intestine of mice infected with alpha or delta var-

iants, including hemorrhagic stomach and diarrheic or gaseous intestine, but not in omicron-infected

counterparts (Figures 1E; and S2A and Table 2 for scoring criteria). Surprisingly, we also noted severe

macroscopic alterations to the thymi of k18-hACE2 mice upon infection with the alpha or the delta variants

(Figures 1F; and S2A and Table 2 for scoring criteria). No macroscopic alterations were noticed in other

analyzed organs, including the heart, bladder, liver, spleen, and kidney.

The original Wuhan and the alpha variants have been described to promote severe alterations to the brain

of infected mice, accompanied by virus replication,9–15,17,30,32 but less is known regarding the pattern of

brain invasion during the infection of k18-hACE2 mice with the delta and omicron variants. As compared

to non-infected controls (Figure S2B), histologic alterations, such as small infiltrates of inflammatory cells,

cellular debris, and hemorrhage, were found in the brains of mice infected with SARS-CoV-2 delta variant,

but not with the omicron one (Figure 1G). No visible alterations to the cerebellumwere noted. Although the

presence of viral nucleocapsid was detected in both cases, it was much more pronounced in delta-infected

mice which showed extensive virus-positive detected areas (Figures 1H and S2C for non-infected control).

Table 1. Clinical score sheet for general SARS-CoV-2 infection

Parameter Score

Body weight No changes 0

1–6% loss 1

7–14% loss 2

15–19% loss 3

20–24% loss 4

>25% loss HEP

Body condition scorea BCS normal (2–3)

Low BCS (1–1,5)

0

1

Appearance Normal 0

General lack of grooming or piloerection 1

Ocular/Nasal discharge 2

Eyes closed 3

Behavior Normal 0

Minor changes or exaggerated response when

provoked

1

Less mobile/isolated but alert 2

Restless or still, not alert 3

Neurological No alterations 0

Tremor 2

Ataxia 2

Seizures HEP

Hydration Normal 0

Abnormal skin test pinch 3

Respiratory movements Normal 0

Increased/decreased respiratory frequency 3

Severe dyspnoea (gasping) HEP

Total score (sum)

aBCS classification according to.31 Alterations to BCS were uncommon independent of the variant, as this work involves an

acute infection; BCS should, however, be used for chronic infection.
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These data suggest that the infection of k18-hACE2 with the SARS-CoV-2 alpha variant induced pathology

in different organs and thus presented the widest symptoms. The delta variant mainly affected the respi-

ratory outcome and the omicron variant was the least severe of the three. Overall, these differential out-

comes of infection mimic the clinical manifestations reported in humans.1,9,19–22

Lung pathology and immune responses induced by SARS-CoV-2 variants

To investigate the effects of infection with each SARS-CoV-2 variant on the respiratory tract, we analyzed

the histologic alterations and viral content in the lungs of infected k18-hACE2 mice. Lung lesions

composed of immune infiltrates, mostly lymphocytes, macrophages and neutrophils, distributed in peri-

vascular and peribronchiolar locations, as well as interstitial congestion and epithelial changes (thickened

epithelium) were visible 6 days post-infection, mainly in delta- and omicron-infected lungs (Figures 2A; and

S2D for non-infected controls). Of note, more extensive and dispersed lesions were observed in k18-hACE2

mice infected with the delta variant (Figure 2A). Quantification of the lesion area and histopathology

scoring (see Table 3 for scoring criteria) supported a stronger impact of the delta variant in the lung tissue

(Figure 2A, right panel). On day 6 post-infection, we only detected viral nucleocapsid staining in delta-in-

fected mice (Figures 2B; and S2E for non-infected controls). However, viral RNA was detected in lungs of all

infected mice, to levels that were similar for alpha and delta infections and lower for omicron infections

(Figure 2C). This likely reflects the ability of the host to control omicron infection in the lung. Next, we

analyzed the nasal turbinates of mice infected with the delta and the omicron variants. Overall, at day 6

post-infection, the nasal cavities of infected mice showed intact olfactory and respiratory epithelia

(Figures 2D; and S2F for non-infected controls), with small pathological changes that included areas of

hemorrhage, inflammatory infiltrates, cellular debris, and mucus exudate (Figure 2D). Despite the differ-

ences found in the detection of the viral nucleocapsid in the lung, a positive signal was observed in the

nasal turbinates of mice infected with either variant (Figures 2E; and S2G for non-infected controls).

The expression of genes encoding inflammatory cytokines consistently associated with SARS-CoV-2 infec-

tion, such as TNF, type I and II IFN, IL-10, IL-6, and IL-1b, was thenmeasured in the lungs of infected animals

on day 6 post-infection. The expression patterns of these cytokines differed according to the infecting viral

variant (Figure 2F). In agreement with previous reports,12,14 infection with the alpha variant at this time point

coincided with poor expression of inflammatory mediators in the lungs (Figure 2F). k18-hACE2 mice

infected with the delta or omicron variants displayed similar patterns of tnf, il10, il6, and il1b gene expres-

sion (Figure 2F). Mice infected with the delta variant displayed the highest expression levels of ifnb,

whereas infection with the omicron variant induced the highest expression of ifng and il17 (Figure 2F).

To complement the gene expression analysis, we measured the amount of IFN-g present in the bronchoal-

veolar lavage of mice infected with either SARS-CoV2 variant. In line with the transcriptional data, we found

lower levels of IFN-g associated with alpha infections (Figure 2G). However, despite the differences in ifng

transcripts on day 6 post-infection, the accumulation of this cytokine in the bronchoalveolar lavage of mice

infected with delta or omicron variants was similar (Figure 2G).

Lastly, the immune cell composition of lung cell suspensions was analyzed by flow cytometry (see

Figure S3A for gating strategy and Figure S3B for non-infected controls). We found a striking difference

in the frequency and number of hematopoietic cells (CD45+) in the lungs of alpha-infected mice

(Figures 3A and 3B). Furthermore, infection of k18-hACE2 mice with the alpha variant resulted in marked

alterations to the lung immune cell composition, namely a decrease in the frequency of CD11b+ cells,

monocytes, and recruited macrophages and a massive increase in neutrophils (Figure 3A). The increase

in the frequency of neutrophils was also seen in the other two infections, but was not as marked (Figure 3A).

Infections with delta or omicron variants resulted in increased frequencies and numbers of monocytes

Table 2. Organ scoring criteria for macroscopic alterations

Score Lung Digestive System Thymus Brain

0 Normal Normal Normal Normal

1 Collapsed

Edematous

Congestive

Necrotic

Diarrheic or Gaseous Congested,

Edematous or Necrotic

Focal hemorrhagic

2 Hemorrhagic Hemorrhagic Hemorrhagic Multifocal hemorrhagic
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within the CD11b+ subset, with the same happening for recruited macrophages in the case of omicron in-

fections (Figures 3A and 3B). Common to the three infections was the increased frequencies and numbers

of CD11c+ DCs on day 6 post-infection (Figures 3A and 3B) and decreased values for alveolar macrophages

and eosinophils (Figure S3C). Within the lymphoid branch, we observed a decreased frequency of CD19+ B

cells for all variants, a specific decrease in the frequencies and numbers of CD4+ T cells in alpha-infected

animals and an increase in the representation of CD8+ T cells in the omicron infection (Figures 3A and 3B).

Of note, k18-hACE2 mice infected with the alpha variant displayed low numbers of all immune cell

populations in the lungs due to the highly reduced CD45+ cell numbers (Figure 3B). Because several

reports support that neutrophilia and lymphopenia act as complementary drivers of severe COVID-19 out-

comes,33–35 we calculated the ratios of neutrophils to T or B cells for the three experimental infections. Only

infection of k18-hACE2 mice with the omicron VOC resulted in decreased ratios of neutrophil to CD4+ and

CD8+ T cells, or CD19+ B cells (Figure 3C). To gain insight into possible mechanisms underlying the differ-

ential lung recruitment of neutrophils versus monocytes/macrophages across the different infections, we

measured the expression of ccl2, cxcl9, and cxcl2 in mice infected with the different SARS-CoV2 variants.

We observed a higher expression of the ccl2 and cxcl9 genes, and a lower expression of the cxcl2 gene, in

the case of delta and omicron infections (Figure 3D). Given that CCL2 and CXCL9 attract monocytes/mac-

rophages and CXCL2 neutrophils,36 the imbalance in their expression may at least in part explain the

different immune cell compositions observed.

Infection of k18-hACE2 mice with SARS-CoV-2 variants distinctly alters the circulating

immune cell composition

We next questioned whether alterations in immune cell populations could be monitored in the blood from

earlier time points post-infection. To answer this, peripheral blood of naive or infected k18-hACE2 animals

was analyzed by flow cytometry on days 3 and 6 post-infection (see Figure S3D for gating strategy and Fig-

ure S3E for non-infected controls). From day 3 to day 6 post-infection, the frequency of neutrophils was

increased in infections with alpha and delta variants, but stable in mice infected with the omicron variant

(Figure 4A). Additionally, a decrease in the frequency of monocytes between days 3 and 6 post-infection

was only seen for infections with the alpha variant (Figure 4A). On day 6 post-infection, the frequency of

CD11c+ DCs was increased in infected animals independently of the viral variant (Figure 4A), but this fre-

quency was only increased on day 3 in the case of omicron-infected mice (Figure 4A). No major changes

were detected for CD19+ B cells in infected vs non-infected mice, whereas for both CD4+ and CD8+

T cells a decrease was seen from day 3 to day 6 in mice infected with the alpha variant (Figure 4B). Interest-

ingly, as compared to non-infected controls, mice infected with the delta variant showed a transiently

decrease in T cells by day 3 (Figure 4B). No variation in the frequency of these cells was observed in

omicron-infected mice (Figure 4B). We also calculated the neutrophil to T or B cells ratio and found that

the most pronounced increase of this value corresponded to mice infected with the alpha variant for

6 days (Figure 4C). Together, our results reinforce that neutrophilia is an effective indicator of disease

severity in SARS-CoV-2-infected k18-hACE2 mice, as reported in human patients,37 suggesting that a

premature assessment of these parameters in the bloodmay be a useful biomarker to test early therapeutic

interventions for COVID-19.

Figure 1. Infection of k18-hACE2 mice with SARS-CoV-2 alpha, delta or omicron variants results in differential

disease outcomes

k18-hACE2 mice were intranasally infected with 1 3 104 PFU of the indicated SARS-CoV-2 variant.

(A) Clinical score evolution. Each mouse was observed on day 0 and daily from day 3 post-infection and a clinical score

attributed. Clinical scores of 15 or above were considered humane endpoints (HEP; dotted lines).

(B) Percentage of weight variation over time. Initial weight on day 0 is considered 100% and from day 3 post-infection the

variation calculated for each mouse.

(C) On day 6 post-infection the frequency ofmice displaying each indicated symptom across the three infectionswas registered.

(D–F) During necropsy, a macroscopic inspection of several organs was performed and an organ score reflecting visible

alterations attributed.

(G) Representative images of brain tissue slices stained with H&E. Rectangles and dashed lines indicate the region

enlarged below. Inflammatory cells (arrowhead) and cellular debris (arrow) are indicated. Scale bars represent 1 mm

(upper panels) and 100 mm (lower panels).

(H) Brain tissue sliceswere stainedwith a specific antibody against the viral nucleocapsid. Stainedareas (brown, open arrowhead)

indicate the presence of viral particles in the tissue. Scale bars represent 100 mm. A, D-F. Each symbol represents an individual

mouse of a group of five used in each infection. B, D-F. Represented is the MeanG SEM for each group.
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Severe SARS-CoV-2 infection promotes emergency myelopoiesis in the bone marrow

Given the alterations in thematurehematopoietic compartmentof SARS-CoV-2-infected k18-hACE2mice,which

parallel those described in patients with COVID-19,23 we hypothesized that infectionwith SARS-CoV-2may skew

the BM function and output. The composition of the hematopoietic progenitor populations in the BMof control

or SARS-CoV-2-infectedmice was thus analyzed (see Figure S4A for gating strategies and Figure S4B for non-in-

fected controls). Differences in the BMprogenitor compartment across the infections with the three viral variants

under studywereobserved, as compared tocontrolmice.Whereas the lineage�Sca-1�c-Kit+ (LK) populationwas
decreased inmice infected with the alpha and the delta variants, this populationwas increased in the case of the

omicron infection (Figure 5A). Moreover, as compared to non-infectedmice and within the LK population, a sig-

nificant decrease in the frequency of commonmyeloid progenitors (CMPs) was observed for alpha and delta in-

fections, while this population was increased upon omicron infections (Figure 5B). In contrast, the frequency of

granulocyte/macrophage progenitors (GMPs) was significantly increased inmice infected with the alpha variant,

unchanged in those infected with the delta variant and decreased upon omicron infection (Figure 5B). Finally, no

marked alterations were detected for the frequency of megakaryocyte/erythrocyte progenitors (MEPs), with the

exceptionof an increase inomicron-infectedmice (Figure 5B). Themaindifferenceassociatedwith the less severe

omicron infection was thus an inversion of the CMP/GMPproportions when compared to themore severe alpha

and delta infections. Infection of k18-hACE2 mice with all variants resulted in an increase in the frequency of

lineage�Sca-1+c-Kit+ (LSK) cells, which was more pronounced in the case of the delta and omicron infections

(Figure 5C). The frequency of long-term (LT) and short-term (ST) hematopoietic stem cells (HSCs) within LSKs

moderately fluctuated during the course of infectionwithout a variant-associated pattern (Figure 5D). In contrast,

the frequencies of themyeloid-biasedprogenitorsMPP2 andMPP3within the LSKs augmented in all three infec-

tions (Figure 5D). The frequencies of lymphoid-biased MPP4 and CLPs remained similar in all groups of mice,

independently of the infection (Figure 5E). Collectively, these data suggest that the infection of mice with

SARS-CoV-2 variants remodels the hematopoietic progenitor compartment in the BM, mainly through an in-

crease in myeloid-biased populations which likely sustains myeloid amplification.

Thymopoietic alterations in SARS-CoV-2-infected k18-hACE2 mice

The atrophic thymus of mice infected with more pathologic variants (Figure 1F) suggested possible alter-

ations in thymic function. Since thymopoiesis requires a continual input of BM progenitors38 and the

Figure 2. Impact of SARS-CoV-2 alpha, delta, and omicron variants on the respiratory tract of infected k18-hACE2 mice

k18-hACE2 mice were intranasally infected with 1 3 104 PFU of the indicated SARS-CoV-2 variant. On day 6 post-infection mice were humanely euthanized

and the lungs and nasal turbinates recovered.

(A and B) Representative images of tissue slices of lungs of infected mice stained with H&E (A) or a specific antibody against the viral nucleocapsid (B). In A, a

histopathology score was attributed to H&E stained lungs and the area of lesion automatically calculated.

(C) Virus quantification at day 6 post-infection. Based on the detection of viral RNA and on quantified standard curves, the number of viral particles (PFU) in

the lungs of infected mice was calculated. D, E. Representative images of tissue slices of nasal turbinates of infected mice stained with H&E (D) or a specific

antibody against the viral nucleocapsid (E).

(A and D) Rectangles and dashed lines indicate the regions enlarged in lower panels. Thickened epithelium (open arrow); inflammatory cell infiltrates

(arrowhead); hemorrhage (*) and cellular debris/exudate (#) are indicated.

(B and E) Stained areas (open arrowhead) indicate the presence of viral particles in the tissue. Scale bars represent 1 mm (top panels) and 250 mm (bottom

panels), except for the lung image of mice infected with the alpha VOC which is 100 mm.

(F) Relative expression of cytokine genes in the lung of infected animals. mRNA was extracted, the expression of the indicated genes measured by real-time

PCR and normalized using gapdh and ubiquitin reference genes. The expression of non-infected mice is set to 1 (dotted line).

(G) IFN-g levels detected by immunoassay on day 6 post-infection in the bronchoalveolar lavage of infected mice. A, C, F, G. Represented is the Mean G

SEM for each experimental group and individual mice shown as discrete symbols. Statistical analyses were conducted using the Kruskal-Wallis test (A),

Brown-Forsythe andWelch ANOVA test (C), and one-way ANOVA (F, G). Differences between groups were considered significant if p < 0.05. p values shown

above bars refer to differences to non-infected mice.

Table 3. Histopathology scoring criteria for lung lesions

Score Lesion characteristics

0 No lesions

1 Small and localized lesion

2 Multiple small lesions

3 Extensive lesions

+1 Extra point if congestion/edema/epithelium thickening are present
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composition of hematopoietic precursors in the BM was differentially affected upon infection, we exam-

ined how T cell development unfolded under different conditions. The total thymic cellularity was increas-

ingly affected by the infection with omicron, delta, and alpha (Figure 6A). Strikingly, the thymus of delta-

and alpha-infected mice presented increasingly alterations in the frequencies of double-negative (DN),

double-positive (DP), and single-positive (SP) thymocytes (Figures 6B; and S4C and S4D for non-infected

controls). These developmental defects led to a significant reduction in the number of DP and SP4 and

SP8 T cells (Figure 6C). Infection of mice with the omicron variant had the least impact on the thymus (Fig-

ure 6). Collectively, these data suggest that the capacity of the thymus to maintain normal T cell develop-

ment is severely compromised in the course of SARS-CoV-2 infections.

Severity of infection correlates with distinct immunological parameters

To gain insight into how the observed alterations to the immune system may relate to disease severity, we

searched for correlations between the assessment of the immune status in the tissue (lung), blood, and pri-

mary lymphoid organs (BM and thymus) and the clinical score obtained for each mouse across the three in-

fections. The frequency and/or numbers of bulk hematopoietic (CD45+) cells, recruited macrophages,

monocytes, CD19+ B, and CD8+ T cells within the lung correlated negatively with the clinical score obtained

onday 6 post-infection, whereas the ratios of neutrophils to lymphocytes correlated positively (Figure 7A). In

the blood, the ratios neutrophils/T cells also correlated positively with increased severity on day 3 post-

infection (Figure 7B), suggesting that these ratiosmaybeof use as proxies to predict the severity of the infec-

tion. Alterations in the LK, CMP, andMPP3 compartments in the BMall negatively correlatedwith the clinical

score, whereas those seen in the GMP compartment positively correlated with the severity of infection in

k18-hACE2 mice (Figure 7C). Finally, the disruption of the thymus composition markedly correlated with

disease severity, with a strong positive correlation established between severe disease and the frequencies

of DN, SP4, and SP8 and a negative one with DP cells (Figure 7D). In conclusion, by analyzing the impact of

different SARS-CoV-2 variants on the broad immune response, we found immune alterations at the site

of infection, blood, BM, and thymus that correlated with the severity of SARS-CoV-2 infection in mice.

DISCUSSION

k18-hACE2 mice are widely used as models for experimental SARS-CoV-2 infection, to test novel therapies

and vaccines, but also to deepen our understanding of disease pathogenesis, viral replication, and the host

immune responses during infection. Additionally, defining the course of infection in k18-hACE2 mice has

been important to reveal intrinsic pathogenic properties of SARS-CoV-2 variants.12,14,18,19 Our study

supports previous reports showing a decrease in the virulence of emerging SARS-CoV-2 variants. In accor-

dance with recent studies in animal models18,19 and humans,39 the omicron variant is less pathogenic than

the alpha and delta ones, showing minimal clinical, histological, and immunological scores. At the same

time, our data reveal distinct features of the immune response developed upon infection with these three

variants. Unveiling correlates of protection associated with SARS-CoV-2 omicron infection may contribute

to the development of better prognosis and therapeutic tools for COVID-19.

We report a more pronounced impact caused by infections with the delta variant at the main site of infec-

tion by SARS-CoV-2, the lung.40 Our study expands on previous ones18,19 as immunological analyses of the

lung across the tested variants are included. In what concerns cytokine gene expression in the lung on day 6

post-infection, the main specific feature of SARS-CoV-2 omicron infections was the increased expression of

ifng and il17 genes. This may contribute to a more competent or prolonged T cell response in these infec-

tions, which in turn may lead to better control of the virus. Worth mentioning, a recent report19 docu-

mented low expression of the ifng gene in the lung of SARS-CoV-2 omicron infected k18-hACE2 mice,

Figure 3. Distinct immune cell recruitment to the lungs of k18-hACE2 mice infected with SARS-CoV-2 alpha, delta or omicron variants

Lung cell suspensions were prepared from k18-hACE2 mice on day 6 post-infection and the indicated immune cell populations detected by multiparametric

flow cytometry. Gating strategies are in Figure S3. Naive k18-hACE2 mice were used as controls.

(A and B) Frequency and B. numbers of the analyzed immune cell populations.

(C) Ratios of neutrophils to CD4+ T, CD8+ T cells, or CD19+ B cells calculated from cell numbers in the total lung.

(D) Relative expression of ccl2, cxcl9 and cxcl2 genes in the lung of infected animals, day 6 post-infection. mRNA was extracted, the expression of the

indicated genes measured by real-time PCR and normalized using gapdh and ubiquitin reference genes. Represented is the Mean G SEM for each

experimental group and individual mice shown as discrete symbols. The dotted lines in each graph refer to the mean on non-infected mice, and the

individual values are represented in Figure S3. Statistical analyses were conducted using the one-way ANOVA e Brown-Forsythe and Welch ANOVA test

(A-C) and one-way ANOVA(D). Differences between groups were considered significant if p < 0.05. p values shown above bars refer to differences to non-

infected mice.
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Figure 4. Longitudinal analysis of blood immune cell populations of k18-hACE2 mice infected with SARS-CoV-2

alpha, delta or omicron variants

Blood samples of k18-hACE2 mice were collected on days 3 and 6 post-infection and the indicated immune cell

populations detected by multiparametric flow cytometry. Gating strategies are in Figure S3. Naive k18-hACE2 mice were

used as controls.
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as compared to alpha or delta infections. However, in contrast to our day 6 post-infection analysis, in the

previous study the expression of ifng was measured on days 2 and 4 post-infection. It is possible that ifng

gene expression needs to be tightly regulated during the course of infection. While enhanced expression

of ifngmay underlie a detrimental pro-inflammatory response at an early stage of infection, as suggested in

patients with severe COVID-19,41–43 at a later time point it may become beneficial. The fact that the levels of

IFN-g protein were similar in the bronchoalveolar lavage of mice infected with delta or omicron variants,

despite the difference in mRNA levels on day 6, supports the hypothesis of differential transcriptional ki-

netics. In this sense, it will be important to investigate the kinetics of cytokine expression and production

during the infection of k18-hACE2mice with different SARS-CoV-2 variants. As for immune cell recruitment,

overall, and at day 6 post-infection, the alpha variant was associated with reduced numbers of hematopoi-

etic cells in the lungs, possibly reflecting the high damage caused by the infection to this organ. Infections

with this variant are furthermore associated with a high frequency of neutrophils and low frequency of

monocytes within the CD11b+ population, as well as decreased frequencies of CD4+ lymphocytes. Alto-

gether, these features are aligned with those reported in patients with severe COVID-19.34,35 At the

opposite end of the spectrum were infections with the omicron variant, where muchmore balanced cellular

responses were observed. Of particular note were the lower neutrophil/lymphocyte ratios observed in this

case. Although our study does not uncover the mechanistic details underlying the differential immune cell

recruitment, our findings offer altered chemokine expression in the lungs of mice infected with the different

SARS-CoV2 variants as a possible contributor. Taken together, our data associate infections with the om-

icron variant with the alleviation of the lung immune response. This was also visible in the peripheral blood

of k18-hACE2 omicron-infected mice which lacked the pronounced neutrophilia and lymphopenia

observed during alpha infections, and that most likely underlie the hyperinflammatory syndrome in

COVID-19.42

Although we describe a differential effect of SARS-CoV2 variants in the lung immune cell landscape, whereas

the infection of immune cells by thedifferent VOCsmay varywas not addressed in our study. Infection of human

lung macrophages,44,45 blood monocytes, monocyte-derived macrophages, and DC,33,44,46–48 and of B and T

lymphocytes47,49 by SARS-CoV2hasbeen recently described.Despitebeing abortive, infectionof immune cells

by SARS-CoV2 was commonly shown to occur independently of ACE2 and to associate with inflammatory re-

sponses and cell apoptosis,33,44–49 which in turn promote disease severity. Thus, it will be of interest to investi-

gate in the future if the impact of each variant on immune cell compositionmay alsodependon thedirect infec-

tion of the immune cells during the early stages of disease.

Extrapulmonary COVID-19 is also reported in some patients. Among these, neurologic signs, cardiac

dysfunction and gastrointestinal tract symptoms are well-known COVID-19 manifestations.50–52 We report

macroscopic alterations in several extrapulmonary locations, and interestingly show that these alterations

varied with the infecting viral variant, being consistently lower in the case of the omicron infection. A recent

study reported that the aerosol route of infection prevents SARS-CoV-2 neuroinvasion in k18-hACE2 mice,

thus decreasing the severity of disease and contributing to a model that better mimics the diverse out-

comes of SARS-CoV-2 infection in humans.53 It will be important to further study the delta and the omicron

variants in the aerosol model of infection. Most interestingly, we show an impact of the infection in primary

lymphoid organs, the BM, and the thymus. Of note, perturbation of secondary lymphoid organs has been

described before, with reported germinal center destruction in fatal COVID-19 cases.54,55 The main effect

observed in the BM that is common to the three tested VOCs was an increase in the frequencies of the

myeloid-biased MPP2 and MPP3 progenitor populations. This alteration may underlie the granulocyte

amplification seen in k18-hACE2 mice and also described in patients with COVID-19.56 However, whereas

in mice infected with SARS-CoV-2 alpha or delta variants, we also observed an increase in the GMP pop-

ulation, this was not the case for omicron infections. It is possible that granulopoiesis is enhanced during

Figure 4. Continued

(A and B) Myeloid and B. lymphoid cell frequencies at the indicated time points post-infection with alpha, delta or

omicron variants.

(C) Ratios of neutrophils to CD4+ T, CD8+ T or CD19+ B cells calculated from data in A and B. Represented is the Mean G

SEM for each experimental group and individual mice shown as discrete symbols. The dotted lines in each graph refer to

the mean on non-infected mice, and the individual values are represented in Figure S3. Unpaired one-way or Brown-

Forsythe andWelch ANOVA tests were used to perform comparisons between groups. Differences between groups were

considered significant if p < 0.05. p values shown above bars refer to differences to non-infected mice.
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Figure 5. Evidence of emergency myelopoiesis induced by SARS-CoV-2 infection

(A)BM cell suspensions obtained from k18-hACE2 mice on day 6 post-infection were lineage-depleted and stained for

hematopoietic progenitor subsets. Gating strategies are in Figure S4. Naive k18-hACE2 mice were used as controls.

Frequencies of BM A. LK (Lin�IL-7Ra-cKit+Sca-1-).
(B) CMP (Lin�IL-7Ra-c-Kit+Sca-1�FcgRloCD34+), GMP (Lin�IL-7Ra-c-Kit+Sca-1�FcgR+CD34hi) and MEP (Lin�IL-7Ra-c-
Kit+Sca-1�FcgR-CD34lo).

(C) LSK (Lin�IL-7Ra-cKit+Sca-1+).
(D and E) LT-HSC (Lin�IL-7Ra-c-Kit+Sca-1+CD150+CD48�), ST-HSC (Lin�IL-7Ra-c-Kit+Sca-1+CD150�CD48�), MPP2

(Lin�IL-7Ra-c-Kit+Sca-1+CD150+CD48+) and MPP3 (Lin�IL-7Ra-c-Kit+Sca-1+CD150�CD48+) and E. MPP4 (Lin�IL-7Ra-c-
Kit+Sca-1+Flt3+) and CLP (Lin�IL-7Ra+c-Kit+Sca-1+) populations. Represented is the Mean G SEM for each experimental

group and individual mice shown as discrete symbols. The dotted lines in each graph refer to the mean on non-infected

mice, and the individual values are represented in Figure S4. Unpaired one-way or Brown-Forsythe and Welch ANOVA

tests were used to perform comparisons between groups. Differences between groups were considered significant if

p < 0.05. p values shown above bars refer to differences to non-infected mice.
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infections with alpha or delta variants, thus, together with differential chemokine expression, explaining the

lung and blood neutrophilia. In contrast, a more balanced BM neutrophil/monocyte output may be occur-

ring in infections with the omicron variant. It will be interesting to pursue these data to unravel the mech-

anisms dictating BM adaptation to SARS-CoV-2 infection. Inflammatory cytokines, as IFN-g, IL-1b, IL-6,

G-CSF, and GM-CSF, have been described as signals of emergency myelopoiesis during infection.27,57

Type I IFN has also been incriminated as the driver of emergency myelopoiesis in models of lymphocytic

choriomeningitis virus (LCMV) infections.58 Thus, thesemolecules are good candidates to operate also dur-

ing SARS-CoV-2 infections.

Figure 6. Distinct thymic T cell development during SARS-CoV-2 infections

Thymic cell suspensions obtained from k18-hACE2mice on day 6 post-infection were stained for thymocyte subsets. Gating strategies are in Figure S4. Naive

k18-hACE2 mice were used as controls.

(A) Live cell numbers.

(B and C) Frequency plots and C. numbers of the analyzed thymocyte populations. Thematuration stages represented are: double-negative (DN; TCR�CD4�CD8�),
double-positive (DP; TCR+CD4+CD8+), single positive 4 (SP4; TCR+CD4+CD8�), and single positive 8 (SP8; TCR+CD4�CD8+). Represented is the MeanG SEM for

each experimental group and individual mice shown as discrete symbols. The dotted lines in each graph refer to the mean on non-infectedmice, and the individual

values are represented in Figure S4. Unpaired Brown-Forsythe and Welch ANOVA tests were used to perform comparisons between groups. Differences between

groups were considered significant if p < 0.05. p values shown above bars refer to differences to non-infected mice.
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To our knowledge, this is the first report showing that the thymus is a target of SARS-CoV-2 infection. How-

ever, there have been hints of thymic involvement in COVID-19 pathogenesis, possibly due to the hyper-

inflammatory response observed during infection. A study comparing the thymic-thoracic ratio in 28-36-

week-old fetuses reported that COVID-19 infection reduced fetal thymus size in pregnant women with

mild or moderate symptoms after recovery from the infection.59 Another study showed thymic alterations

in SARS-CoV-2 infected non-human primates, which included evidence of viral particles in the thymus and

increased apoptosis of thymocytes.60 This study further showed that the administration of Azvudine, a

nucleoside analogue that inhibits HIV-1 RNA-dependent RNA polymerase, to non-human primates or hu-

mans with COVID-19 had beneficial effects, which in the case of non-human primates associated with

thymus recovery.60 It is tempting to speculate that the impact of the infection in the thymus may underlie

important alterations seen at the periphery, namely the reduction in CD4+ and CD8+ cell counts in patients

with COVID-19 which closely correlate with disease progression.61 Also, it has been proposed that the

aged thymus may be more susceptible to the virus impact and therefore associate with the increased sus-

ceptibility to severe disease reported in the elderly.62 As the generative site for T cells, the thymus may be a

key regulatory organ in the response and recovery of severe SARS-CoV-2-induced diseases. The underlying

mechanisms leading to thymic atrophy remain to be elucidated, but several hypotheses are worth

Figure 7. Altered immune responses in the lung, blood and primary lymphoid organs correlate with disease

severity

(A–D)Pearson correlations calculated for frequency and number of immune cell populations or ratios obtained in the A.

lung, B. blood, C. BM and D. thymus with the clinical score obtained on days 3 or 6 post-infection, for all animals in the

three infections. A two-tailed Pearson test was conducted to correlate the clinical score and each cell population.

Correlations were defined as weak if r = 0 to 0.3; moderate if r = 0.3 to 0.5; strong if r = 0.5 to 0.7; and very strong if r = 0.7 to

1. Differences between groups were considered significant if p < 0.05. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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exploring in future studies. Firstly, changes in the thymus may be promoted by alterations in the BM and a

reduction in thymic seeding progenitors.38 Secondly, the systemic cytokine storm promoted by infection

may lead to massive death of developing thymocytes.63 Thirdly, as we detected viral PFUs in the thymi

of infected animals, one can consider that the direct infection of the organ may also alter the functionality

of the thymic stromal microenvironment,64 indirectly conditioning T cell generation. Intrathymic and pre-

thymic stages of T cell development depend respectively on complex thymic (thymic epithelial cells,

mesenchymal cells, endothelial cells) and BM (mesenchymal progenitors, osteoblasts, fibroblasts, adipo-

cytes, and endothelial cells) stromal microenvironments.65,66 Future studies should aim at evaluating the

direct impact of SARS-CoV2 infection on the homeostasis and function of key BM and thymic stromal

populations, as alterations in these supportive hematopoietic niches may impact on the hematopoietic

process.

The study presented here contributes to a better understanding of the impact of the SARS-CoV-2 variant

diversity to the infection course and the characteristics of the immune response, using the k18-hACE2

mouse as a model. We provide evidence for an attenuation of the omicron variant across several

organismal, organ, and cellular parameters, which can be used in the future as read-outs when testing

COVID-19 interventions in this mouse model. We also show the impact of infection on the BM and thymus,

generating hypotheses for other research avenues of translational relevance.

Limitations of the study

The relatively small animal group sizes together with variations in some of the parameters limit the statis-

tical power of the analysis. Still, when comparable, our data are in line with previously reported

studies.14,18,19 Sex and age differences were not accounted for in our study, as all mice used were 8-

12 weeks old females. It will be interesting to investigate our findings in the context of these two variables.

Most of our read-outs are focused on day 6 post-infection. Previous reports showed that a progressive in-

flammatory process occurs during the infection of k18-hACE2 mice upon SARS-CoV-2 infection, starting as

soon as day 2 post-infection.11,15,30 Thus, it will be interesting to address some of our findings in a kinetic

way, both investigating changes at earlier and later time points post-infection. We anticipate the omicron

VOC as the most interesting to pursue these studies in the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE anti-mouse CD45 Biolegend Cat#103106 (30-F11, 1:400); RRID:AB_312971

Brilliant Violet 785� anti-mouse CD4 Biolegend Cat#100453 (GK1.5, 1:200); RRID:AB_2565843

APC/Cyanine7 anti-mouse CD19 Biolegend Cat#115530 (6D5, 1:100); RRID:AB_830707

Brilliant Violet 510� anti-mouse/human CD11b Biolegend Cat#101245 (M1/70, 1:100); RRID:AB_2561390

PE/Cyanine7 anti-mouse CD11c Biolegend Cat#117318 (N418, 1:200); RRID:AB_493568

PerCP/Cyanine5.5 anti-mouse Ly-6G Biolegend Cat#127616 (1A8, 1:400); RRID:AB_1877271

Pacific Blue� anti-mouse Ly-6C Biolegend Cat#128014 (HK1.4, 1:400); RRID:AB_1732079

APC anti-mouse CD170 (Siglec-F) Biolegend Cat#155508 (S17007L, 1:200); RRID:AB_2750237

Brilliant Violet 650� anti-mouse CD8a Biolegend Cat#100741 (53-6.7, 1:200); RRID:AB_11124344

Zombie Green� Fixable Viability Kit Biolegend Cat#423112 (-, 1:500); RRID:AB_2927787

FITC anti-mouse CD8a Biolegend Cat#100804 (5H10-1; 1:200); RRID:AB_312765

TCR gamma/delta Monoclonal Antibody, APC eBioscience Cat#17-5711-82 (eBioGL3, 1:400); RRID:AB_842756

Brilliant Violet 421� anti-mouse CD24 Biolegend Cat#101825 (M1/69, 1:400); RRID:AB_10901159

Brilliant Violet 605� anti-mouse CD62L Biolegend Cat#104437 (MEL-14, 1:600); RRID:AB_11125577

Brilliant Violet 785� anti-mouse CD4 Biolegend Cat#100453 (GK1.5; 1:200); RRID:AB_2565843

PE/Cyanine7 anti-mouse CD69 Biolegend Cat#104511 (H1.2F3, 1:400); RRID:AB_493565

Zombie Aqua� Fixable Viability Kit Biolegend Cat#423101 (-, 1:500); RRID:AB_2927788

Biotin anti-mouse CD3ε Biolegend Cat#100304 (145-2C11, 1:50); RRID:AB_312669

Biotin anti-mouse CD4 Biolegend Cat#100404 (GK1.5, 1:50); RRID:AB_312689

Biotin anti-mouse CD8a Biolegend Cat#100704 (53-6.7, 1:50); RRID:AB_312743

Biotin anti-mouse CD11c Biolegend Cat#117304 (N418, 1:50); RRID:AB_313773

Biotin anti-mouse/human CD11b Biolegend Cat#101203 (M1/70, 1:50); RRID:AB_312786

Biotin anti-mouse Ly-6G/Ly-6C (Gr-1) Biolegend Cat#108404 (RB6-8C5, 1:50); RRID:AB_313369

Biotin anti-mouse CD19 Biolegend Cat#115504 (6D5, 1:50); RRID:AB_313639

Biotin anti-mouse/human CD45R/B220 Biolegend Cat#103204 (RA3-6B2, 1:50); RRID:AB_312989

Biotin anti-mouse NK-1.1 Biolegend Cat#108704 (PK136, 1:50); RRID:AB_313391

Biotin anti-mouse TER-119/Erythroid Cells Biolegend Cat#116204 (TER-119, 1:50); RRID:AB_313705

BD Pharmingen� FITC Rat Anti-Mouse Ly-6A/E, Sca1 BD Biosciences Cat#553335 (E13-161.7, 1:400); RRID:AB_394791

BD Pharmingen� PerCP-Cy�5.5 Rat Anti-Mouse

CD16/CD32, FcgRIII/FcgRII

BD Biosciences Cat#560540 (2.4G2, 1:300); RRID:AB_1645259

PE anti-mouse CD135, Flt3 Biolegend Cat#135305 (A2F10, 1:100); RRID:AB_1877217

PE/Cyanine7 anti-mouse CD127 (IL-7Ra) Biolegend Cat#135014 (A7R34, 1:100); RRID:AB_1937265

APC anti-mouse CD48 Biolegend Cat#103412 (HM48-1, 1:400); RRID:AB_571997

APC/Cyanine7 anti-mouse CD117 (c-kit) Biolegend Cat#105825 (2B8, 1:800); RRID:AB_1626280

CD34 Monoclonal Antibody (RAM34), eFluor� 450 eBioscience Cat#48-0341-80 (RAM34, 1:50); RRID:AB_2043838

Brilliant Violet 711� anti-mouse CD150 (SLAM) Biolegend Cat#115941 (TC15-12F12.2, 1:200); RRID:AB_2629660

Brilliant Violet 785� Streptavidin Biolegend Cat#405249 (-, 1:200); RRID:AB_2927789

TCR beta Monoclonal Antibody (H57-597),

PerCP-Cyanine5.5

Biolegend Cat#45-5961-80 (H57-597, 1:600); RRID:AB_925764

anti-SARS-CoV-2 nucleocapsid protein rabbit

IgG monoclonal antibody

GeneTex Cat#GTX635679 (1:1000); RRID:AB_2888553

peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson ImmunoResearch Cat#111-035-144 (1:500); RRID:AB_2307391

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Margarida Saraiva (margarida.saraiva@ibmc.up.pt).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. 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 SUBJECT DETAILS

Virus propagation and titration

All experiments with SARS-CoV-2 were performed under biosafety level 3 containment. The three SARS-

CoV-2 variants (alpha, B.1.1.7; delta, B.1.617.2; and omicron, BA.1.18/B.1.1.529.1.18) were obtained from

BEI Resources and propagated in VeroE6 cells upon infection with a multiplicity of infection (MOI) of

0.01 for 3–4 days. The infected cultures were monitored every day and the virus containing supernatant har-

vested when extensive cell damage was observed. Viral stocks were aliquoted, stored at �80�C, and
titrated by plaque forming unite (PFU) assay based on previously published protocols.69,70

Mice and intranasal infection

Animal experiments were approved by the i3S Animal Ethics Committee and Portuguese Competent Au-

thority (DGAV) and performed at the i3S Animal Facility in accordance with the European Union Directive

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

SARS-CoV-2 alpha variant (B.1.1.7) BEI Resources NR-55461

SARS-CoV-2 delta variant (B.1.617.2) BEI Resources NR-55611

SARS-CoV-2 omicron variant (B.1.1.529.18) BEI Resources NR-56461

Critical commercial assays

TripleXtractor GRiSP Research Solutions GB23.0200

ProtoScript First Strand cDNA Synthesis kit New England Biolabs E6300L

iTaq Universal SYBR Green Supermix Bio-Rad 1725120

IFN gamma Mouse Uncoated

ELISA Kit with Plates

Invitrogen 88-7314-22

Experimental models: Organisms/strains

k18-hACE2 Jackson Laboratory IMSR_JAX:034860

Oligonucleotides

See Table S1 for

oligonucleotide sequence

and reference

Software and algorithms

Interactive Learning and Segmentation

Toolkit (Ilastik version 1.3.3)

Berg et al.67

CellProfiler Analyst software (version 3.1.5) Lamprecht et al.68

Prism Graphpad

FlowJo FlowJo, LLC
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2010/63/EU and Portuguese Legislation. The i3S animal facility is AAALAC accredited and follows the

Guide for the Care and Use of Laboratory Animals, principle of the Three R’s, to replace, reduce, and refine

animal use for scientific purposes, as well as FELASA recommendations.

k18-hACE2 female transgenic mice were obtained from Charles River and all animal experiments involving

infection were conducted in the certified Animal Biosafety Level 3 (ABSL3) at i3s. Mice weremaintained on a

12:12 light cycle at 45–65% humidity and provided ad libitumwater and standardized synthetic diet (Envigo

Teklad Global Rodent Diet, 2014S). For infection, mice were anaesthetized with 2–3% isoflurane and intra-

nasally inoculated with 1 3 104, 5 3 104 or 1 3 105 PFU of the indicated SARS-CoV-2 variant in infection

media (DMEM high glucose supplemented with 1% of Penicillin Streptomycin). The intranasal administra-

tions were performed in both nostrils. Naı̈ve k18-hACE2 mice were used as a control group. On day 6 post-

infection, mice were euthanized by an intraperitoneal injection of sodium pentobarbital (400mg/kg) and

perfused transcardially with PBS. The bronchoalveolar lavage was recovered through canulation of the

trachea and collection of liquid in sterile PBS +1% FBS.

METHOD DETAILS

Clinical and organ scores

All animals were enrolled in a 6-day study, being monitored and weighed daily to assess their clinical score

(Table 1). Scores were based on general clinical signs, such as weight variation, body condition and activity

level, and specific signs of respiratory (dyspnoea) and neurological (ataxia) involvement. Mice were

humanely euthanized when reaching the ‘‘humane-end-point’’ (HEP). A clinical score of 15 was considered

for the implementation of a HEP of euthanasia as it reflected a significant impairment of the animal general

health status and was indicative of an irreversible severe disease outcome. A weight loss higher than 25%,

seizures and severe dyspnoea were established HEP, as was unresponsiveness to stimulus for 3 sequential

observations (see Table 1 for details), independently of the total score obtained. Four score intervals were

considered for decision orientation, as follows: i) 0–5 – minor changes – re-evaluate animal the next day. ii)

6–10 – moderate changes – seek veterinary opinion; re-evaluate after 4 hours; if persistent after 2 followed

evaluations, consider hydration and food support or HEP application if one of the scores corresponds to a

3 at behavioural changes (unresponsive to stimulus). iii) 11–14 – major changes – seek veterinary opinion;

re-evaluate the animal at a 1 hour interval for a maximum of 3 observations; consider hydration, food sup-

port and temperature control; if unchanged apply a HEP. iv) > 15 – critical changes – apply HEP at a

maximum period of 1 hour. At HEP or on day 6 post-infection, different organs were collected and a macro-

scopic scoring assigned based on visible alterations (Table 2 and Figure S2A). Any fat surrounding the

collected organ was removed before proceeding with the experimental procedure.

Histology and immunohistochemistry

The lung (right upper lobe), brain (right hemisphere) and nasal turbinates were collected and placed in 10%

formalin for >72 hrs. Fixed tissues were embedded in paraffin and tissue sections (3 mm) were processed for

histology and immunohistochemistry (IHC). For histologic examination, slides were stainedwith hematoxylin &

eosin (H&E). Scoring of lung histopathological features was based on18,19 and detailed in Table 3. Quantitative

morphometric analysis of lung pathology (% Lesion) was performed using two softwares: Interactive Learning

and Segmentation Toolkit (Ilastik version 1.3.3) and CellProfiler Analyst software (version 3.1.5). Probability

maps for the lesion area and whole lung are created in Ilastik and analysed in the CellProfiler Analyst soft-

ware.71 For viral detection, an IHC assay was performed using an anti-SARS-CoV-2 nucleocapsid protein rabbit

IgG monoclonal antibody (GeneTex; GTX635679) at 1:1000 dilution and a peroxidase AffiniPure Goat Anti-

Rabbit IgG (H+L) (Jackson ImmunoResearch, 111-035-144) at 1:500 dilution. Images were acquired with a

NanoZoomer 2.0- HT Whole Slide Imager, Digital Pathology Slide Scanner.

Cytokine detection

IFN-g levels were measured in the bronchoalveolar lavage by immunoassay using the Mouse IFNg

quantitative enzyme linked immunosorbent assays (ELISA) kit (Invitrogen; 88-7314-76) and following the

manufacturer instructions.

FACS analysis

Blood samples were collected from tail or submandibular veins on days 3 and 6 post-infection, stained with

specific conjugated antibodies prior to erythrocyte lysis and fixation with 10 % PFA. Lung cell suspensions
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were obtained from half of the remaining four lung lobes upon digestion with Collagenase D. Thymus were

recovered from non-infected and infected animals and fat removed. Thymus cell suspensions were

prepared by direct organ homogenization and BM suspensions obtained by flushing femurs and tibia.

Lung and thymus cell suspensions were directly stained with the indicated antibodies. BM progenitor anal-

ysis was performed, involving the depletion of lineage positive cells prior to progenitor cell population

staining.72 All cell suspensions were fixed before data acquisition in a LSRFortessa cytometer (BD Biosci-

ences) using the DIVA 8 software. Analysis after acquisition was performed using FlowJo version 10

(Tree Star Inc). Gating strategies are provided in Figures S3 and S4.

RNA analysis

Total RNAwas extracted from 13 106 lung cells with the TripleXtractor (GRiSP Research Solutions), accord-

ing to the manufacturer’s instructions. RNA quantity was determined using the NanoDrop�One Spectro-

photometer (Thermo Scientific�) and concentrations of 500ng/mL were used for cDNA synthesis. For virus

quantification or gene expression, ProtoScript First Strand cDNA Synthesis kit (Biolabs) was used with

oligo-dT or random primer mixes, respectively, in a T100 Thermal Cycler (Bio-Rad). qPCR assays were

performed using a CFX Connect� Real-Time PCR Detection System (Bio-Rad). Negative controls and stan-

dard curves (constructed with five-fold serial dilutions) were included in each reaction to validate reaction

specificity, determine the PCR efficiency and allow virus quantification. For virus quantification, PFU-per-

milliliter concentration of each sample was determined based on the original PFU-per-milliliter concentra-

tion of the viral stock used for the RNA standard curve.73 For gene expression, the average expression

stability (M-value) of the reference genes and gene relative quantification were assessed based in the geN-

orm algorithm74 and the Pfaff method,75 respectively, included in the CFX Manager� Software (Bio-Rad).

The sequences of the used oligonucleotides are provided in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism version 8.0 (GraphPad, San Diego, CA, USA). Every dataset was

tested for statistical normality and homogeneity of variances, and based on this information, an appro-

priate statistical test (parametric or nonparametric) was used for multiple comparisons and correlations.

Shapiro-Wilk or D’Agostino-Pearson tests were used for analysing normality depending on the sample

size, while the unpaired ordinary ANOVA F test was used to test the homogeneity of variances in each

group. Each comparison and correlation test used are stated in the respective figure legend. Significant

values (p % 0.05) are indicated in the figures.
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