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Age-dependent acquisition of pathogenicity by SARS-
CoV-2 Omicron BA.5
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Pathology studies of SARS-CoV-2 Omicron variants of concern (VOC) are challenged by the lack of pathogenic
animal models. While Omicron BA.1 and BA.2 replicate in K18-hACE2 transgenic mice, they cause minimal to
negligible morbidity and mortality, and less is known about more recent Omicron VOC. Here, we show that
in contrast to Omicron BA.1, BA.5-infected mice exhibited high levels of morbidity and mortality, correlating
with higher early viral loads. Neither Omicron BA.1 nor BA.5 replicated in brains, unlike most prior VOC. Only
Omicron BA.5–infected mice exhibited substantial weight loss, high pathology scores in lungs, and high levels
of inflammatory cells and cytokines in bronchoalveolar lavage fluid, and 5- to 8-month-old mice exhibited 100%
fatality. These results identify a rodent model for pathogenesis or antiviral countermeasure studies for circulat-
ing SARS-CoV-2 Omicron BA.5. Further, differences in morbidity and mortality between Omicron BA.1 and BA.5
provide a model for understanding viral determinants of pathogenicity.
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INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the causative agent of coronavirus disease 2019 (COVID-19). Since
the emergence of SARS-CoV-2 in November 2019, several new var-
iants of concern (VOC) have emerged and spread globally, includ-
ing Alpha, Beta, Gamma, Delta, and Omicron. At this time,
Omicron has replaced Delta as the major circulating VOC; it first
emerged at the end of November 2021 as what is now known as
the Omicron BA.1 subvariant and has continued to evolve. The
BA.1 lineage was replaced by the BA.2 and BA.4/5 lineages, with
Omicron BA.5 now one of the predominant sublineages globally
with its continued evolution likely along with second-generation
BA.2 lineages, simple and complex recombination, antigenic drift,
and convergent evolution (1). Hence, Omicron lineages have re-
markable diversity, being roughly as distinct from each other as
Alpha, Beta, Gamma, and Delta are to one another (2, 3). Especially
concerning are the remarkable differences in the spike (S) protein of
Omicron lineages, with more diversity in antigenic regions than
previous VOC. The receptor binding domain (RBD) of Omicron
S protein has multiple substitutions that alter species tropism, par-
ticularly to mouse angiotensin-converting enzyme 2 (ACE2) (4, 5).
Wild-type mice have been shown to be readily infected by Omicron
BA.1 and BA.2, unlike other variants, although not resulting in
pathogenic phenotypes (5–8). SARS-CoV-2 S protein has been

the major target for vaccines and monoclonal antibody treatments
(9, 10). With more than 30 mutations in the S protein, vaccines and
monoclonal antibody treatments have shown reduced efficacy in
mice and humans against Omicron variants, especially the BA.4
and BA.5 lineages (11–13).

Pathology studies and preclinical development of antiviral coun-
termeasures against SARS-CoV-2 Omicron VOC have been hin-
dered by the lack of pathological small animal models (7, 14).
First, such models would be highly useful to understand the
drivers of pathology based on both intrinsic differences among
non-Omicron and Omicron SARS-CoV-2 VOC, as well as their cor-
responding host immune responses. Further, the development of
vaccines and antivirals, either prophylactic or therapeutic, would
greatly benefit from such pathological rodent models of SARS-
CoV-2 Omicron infection. Our study addresses these needs, provid-
ing evidence for host determinants important in Omicron
pathogenesis.

Inflammatory cells and their cytokines have been implicated in
progression of severe COVID-19 disease, which can result in cyto-
kine release syndrome (CRS), an extreme inflammatory response
leading to acute respiratory distress syndrome (ARDS) (15). Some
key cytokines in this process include interleukin-6 (IL-6), tumor ne-
crosis factor–α (TNF-α), IL-1, IL-2, and interferon-γ (IFN-γ), al-
though more than 38 cytokines have been associated with
increased disease severity (16). Beyond the lung, CRS may contrib-
ute to breakdown of the blood-brain barrier, leading to disruption
of the central nervous system (CNS) and neurological symptoms,
with or without direct brain infection (17), although brain infection
has been observed in humans (17, 18). Direct brain infection of
K18-hACE2 mice has been observed with Alpha, Beta, and Delta
VOC, although brain infection has not yet been seen with
Omicron (19).

Multiple SARS-CoV-2 VOC, including Alpha, Beta, Gamma,
and Delta, have shown severe and lethal infection in K18-hACE2
mice (20). However, Omicron lineage viruses BA.1 and BA.2 have
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resulted in minimal to negligible pathogenesis, despite establishing
infections (5–8, 14). More recent lineages, such as Omicron BA.5,
remain minimally tested in mouse models. Here, we compare infec-
tion of Omicron BA.1 and BA.5 in K18-hACE2 mice, chosen for
their high expression of hACE2, driven by the cytokeratin-18
gene promoter (21). We report severe disease and lethality of the
Omicron BA.5 lineage, but in agreement with previous reports,
not with Omicron BA.1. Further, we confirm that Omicron BA.5
causes more robust lung inflammation, immune infiltrates, and
proinflammatory cytokine levels, yet at similar viral burden to
Omicron BA.1. Furthermore, we observe an effect of age on
disease outcome for SARS-CoV-2 Omicron BA.5 in this patholog-
ical rodent model.

RESULTS
SARS-CoV-2 VOC Omicron BA.5 induces lethal disease in
K18-hACE2 transgenic mice
We tested whether the new circulating SARS-CoV-2 VOC Omicron
BA.5–induced disease in K18-hACE2 transgenic mice, compared to
Omicron BA.1 (22–24). First, 3-month-old and 5- to 8-month-old
mice were intranasally infected with 3.25 × 104 plaque-forming
units (PFU) of Omicron BA.1 or BA.5, and surviving mice were
weighed and monitored through 14 days postinfection (dpi).
Similar to prior reports, Omicron BA.1 mice did not lose significant
weight following infection (Fig. 1A) (14). However, 3-month-old
Omicron BA.5–infected mice started displaying significant weight
loss 4 dpi compared to Omicron BA.1–infected mice (Fig. 1A). By 6

to 7 dpi, five of nine of the Omicron BA.5–infected mice had
reached humane standards for euthanasia (<80% of their original
weight) (Fig. 1, A and B). The surviving Omicron BA.5–infected
mice regained weight, and on 14 dpi, their weights were comparable
to Omicron BA.1–infected mice (Fig. 1A). All mice infected with
Omicron BA.1 lost little to no weight and survived the infection
to endpoint (Fig. 1B). We then tested the effect of host age on
this response. The 5- to 8-month-old mice infected with Omicron
BA.1 did not lose weight following infection (Fig. 1C). However,
Omicron BA.5 infection caused significant weight loss starting on
3 to 4 dpi and required euthanasia as early as 6 dpi, reaching 100%
mortality (Fig. 1, C and D). Together, while Omicron BA.1 infection
did not result in significant weight loss or mortality in K18-hACE2
mice, Omicron BA.5 infection resulted in significant weight loss,
frequently leading to lethality, particularly in older mice (Fig. 1, B
and D).

Similar virus titers but distinct pathology follow SARS-CoV-
2 Omicron BA.1 versus BA.5 infection in K18-hACE2 mice
To gain additional insight into the Omicron BA.5–induced weight
loss and mortality, lungs and brains were collected from Omicron
BA.1– or BA.5–infected mice at their humane endpoint or at 14 dpi
if they survived infection, to analyze the pathology and virus disper-
sion in the tissue at the time of euthanasia. Hematoxylin and eosin
(H&E) staining of lung sections showed an increase in interstitial
and perivascular infiltrates, accompanied with increase alveolar
cells in the airways in Omicron BA.5–infected mice compared to
Omicron BA.1–infected mice (fig. S1A). Higher histopathological

Fig. 1. SARS-CoV-2 Omicron BA.5–induced lethality in K18-hACE2 transgenic mice is exacerbated with age. (A) Three-month-old K18-hACE2 mice (BA.1 n = 8, BA.5
n = 9) were infected with 3.25 × 104 PFU SARS-CoV-2 Omicron BA.1 or BA.5, and weight was monitored daily. (B) Percent survival following SARS-CoV-2 Omicron BA.1 or
BA.5 infection. (C) Five- to 8-month old K18-hACE2 mice (BA.1 n = 3, BA.5 n = 8) were infected with 3.25 × 104 PFU SARS-CoV-2 Omicron BA.1 or BA.5, and weight was
monitored daily. (D) Percent survival following SARS-CoV-2 Omicron BA.1 or BA.5 infection. Two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test
(A and C). ****P < 0.0001. Log-rank (Mantel-Cox) test (B and D).
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scores were also observed in Omicron BA.5–infected mice as com-
pared to Omicron BA.1 (fig. S1B), consistent with over half of the
Omicron BA.5–infected animals succumbing to severe disease. Im-
munolabeling of the SARS-CoV-2 nucleocapsid (N) protein showed
an increase in positively labeled cells in Omicron BA.5 as compared
to Omicron BA.1–infected mice (fig. S1A). While all Omicron
BA.5–infected mice euthanized 6 and 7 dpi (triangles) were virus
positive by immunolabeling, those that survived until 14 dpi
(circles) were negative (fig. S1C). Five- to 8-month-old mice dis-
played similar trends for lung pathology scores and immunohisto-
chemistry (IHC) quantification (fig. S1, D to F). To further confirm
the presence of virus following infection, we quantified both infec-
tious viral particles via plaque assays and viral RNAvia quantitative
polymerase chain reaction (qPCR) from lungs and brains. Infec-
tious virus was not detected in mice euthanized at 14 dpi (circle),
but 3 of 5 3-month-old Omicron BA.5–infected mice that reached
endpoint before 14 dpi were positive (fig. S1G). Viral RNA in the
lung was detected in 2/8 of the Omicron BA.1–infected mice and
2/4 of the Omicron BA.5–infected mice from 14 dpi (fig. S1H).
The majority of Omicron BA.5–infected mice which were eutha-
nized before 14 dpi were positive for viral RNA in the lung
(fig. S1H).

In the older mice, while virus was not detected in Omicron
BA.1–infected mice which survived to 14 dpi, virus was detected
in Omicron BA.5–infected mice which reached endpoint at either
6 or 7 dpi (fig. S1I). Viral RNA was detected in 1/3 of the
Omicron BA.1–infected mice and in all the Omicron BA.5–infected
mice (fig. S1J). In contrast to our prior findings for the original WA-
1 or Delta strains, in which viral infection was detected in the brain
(25), little to no infectious virus, nor viral RNA, was detected in the
brain of mice of any age (fig. S1, K and L). Largely, Omicron BA.5–
infected mice had higher levels of virus and pathology at endpoint,
although this difference was skewed as the majority of the Omicron
BA.5–infected animals were euthanized at an early humane end-
point. Thus, experiments where animals were all euthanized at
the same time point postinfection were needed to make fair com-
parisons and were subsequently conducted.

Virus load and histopathology at 5 dpi differentiate SARS-
CoV-2 Omicron BA.5 from BA.1 infection in K18-hACE2 mice
To more closely compare the dynamics of Omicron BA.1 and BA.5,
we infected 3.5- and 5-month-old mice with 3.25 × 104 PFU. Oral
swabs were collected 24 and 48 hours postinfections to monitor
early viral shedding in the oral cavity. In addition, we collected
lungs and brains to assess viral load, H&E, and IHC at 2 and 5
dpi. Bronchoalveolar lavage fluid (BALF) and lymph nodes were
also harvested for cytokine profiling and immune cell analysis. Con-
sistent with our initial observations (Fig. 1, A and C), Omicron
BA.1–infected mice did not lose weight following infection
(Fig. 2A); however, Omicron BA.5–infected mice lost on average
15% of their original weight by 5 dpi (Fig. 2A). Although not sig-
nificant, more viral RNAwas detected in the oral cavity of 3-month-
old mice infected with Omicron BA.5 than with Omicron BA.1 at 24
and 48 hours postinfection (fig. S2, A and B). Significantly more
viral RNA was detected in the oral cavity of 5-month-old
Omicron BA.5–infected mice than Omicron BA.1–infected mice,
both at 24 and 48 hours postinfection (fig. S2, A and B). Higher
titers of infectious virus were observed in the lungs of 3-month-
old Omicron BA.5–infected mice at 2 dpi compared to Omicron

BA.1–infected mice (Fig. 2B). Infectious titers were comparable in
both Omicron BA.1– and Omicron BA.5–infected mice at 5 dpi
(Fig. 2B). Further analysis of the viral plaques revealed that
Omicron BA.5 plaques were significantly larger than Omicron
BA.1 plaques, potentially linked to the difference of pathogenicity
observed (fig. S2, C and D) (26, 27). Consistent with the observation
in 3-month-old mice, 5-month-old Omicron BA.5–infected mice
had significantly higher titers of virus in the lungs than Omicron
BA.1–infected mice (Fig. 2C). In accordance with infectious titers,
higher viral RNA was detected in the Omicron BA.5–infected mice
at 2 dpi than in the Omicron BA.1–infected mice (Fig. 2D). At 5 dpi,
the levels were similar in both Omicron BA.5– and BA.1–infected
mice (Fig. 2E). Analogously, viral RNAwas significantly higher in 5-
month-old Omicron BA.5–infected mice than Omicron BA.1–in-
fected mice at 2 dpi (Fig. 2E). Correlating with the weight
changes, we observed significantly more pathology in the lungs of
Omicron BA.5–infected mice compared to Omicron BA.1–infected
mice 5 dpi, characterized by interstitial and perivascular infiltrates,
increased alveolar cells in the airways and alveolar edema as deter-
mined by histopathology (Fig. 2, F and G). Immunolabeling for
SARS-CoV-2 nucleocapsid was more widespread in the lungs of
mice infected with Omicron BA.5 compared to Omicron BA.1
(Fig. 2, F and H).

Earlier SARS-CoV-2 VOC Alpha, Beta, and Delta have been
shown to result in productive infection in the brain of mice, albeit
at varying levels (22, 24, 28–30). However, we observed no infec-
tious virus, viral RNA, pathology, or SARS-CoV-2 N protein immu-
nolabeling in the brains of Omicron BA.1– or Omicron BA.5–
infected mice at 5 dpi, further confirming the absence of viral infec-
tion in the brain (fig. S2, A, B, and D). Overall, we found that at 5
dpi, both Omicron BA.1 and BA.5 mice were infected; however,
only Omicron BA.5 induced significant weight loss and pathology.
Omicron BA.5 established a more robust infection than Omicron
BA.1 in the lungs early during infection, but viral titers were com-
parable by 5 dpi, at which point morbidity and pathology were dras-
tically different. In addition, no brain infection was observed at 5
dpi, further differentiating Omicron BA.1 and BA.5 as likely non-
neurotropic viruses compared to our own and other groups’ prior
SARS-CoV-2 VOC studies (22, 24, 25, 28, 29, 31).

Cellular immune profiling at 5 dpi differentiates
inflammation induced by SARS-CoV-2 Omicron BA.5
versus BA.1
Immune responses to SARS-CoV-2 infection are vital for efficient
virus clearance (32), but hyperactivation and dysregulation of the
immune response have been associated with severe disease out-
comes in both humans and animal models (33–35). Both innate
and adaptive immune responses have been implicated in progres-
sion of severe disease phenotypes resulting in development of
CRS or ARDS (36, 37). Therefore, we characterized the immune
cell profile of K18-hACE2 mice at 5 dpi with Omicron BA.1 or
BA.5 to better understand the underlying responses (fig. S3).
High neutrophil counts and excessive monocyte/macrophage acti-
vation have been correlated with severe cases of COVID-19 (38, 39).
We observed increased neutrophils (Fig. 3A) and monocyte-derived
macrophages (Fig. 3B) in the BALF of Omicron BA.5–infected mice
compared to Omicron BA.1. By contrast, Omicron BA.5–infected
mice had significantly less alveolar macrophages than Omicron
BA.1 or mock-infected (gray line) mice (Fig. 3C). This could
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potentially be attributed to cell death or pyroptosis that could be
resultant of direct infection or Fc receptor–mediated entry (40,
41). We also found significantly higher numbers of natural killer
(NK) cells in the BALF of Omicron BA.5–infected mice compared
to Omicron BA.1–infected mice (Fig. 3D).

Next, we broadly investigated the T cell compartment, due to
their known involvement in severe COVID-19 disease progression
(42, 43). We observed significantly more CD4+ T cells in the BALF
of Omicron BA.5–infected mice as compared to Omicron BA.1–in-
fected mice (Fig. 3E). Total CD4+ T cell increase in the lung was
mirrored in the mediastinal lymph node (fig. S4A). Further

characterization of these cells uncovered no differences in the
percent of CD69+-activated CD4+ T cells between the groups,
both in the BALF and lymph node (Fig. 3F and fig. S4B).
However, Omicron BA.5–infected mice had significantly higher
numbers of activated CD4+ T cells compared to Omicron BA.1–in-
fected mice (Fig. 3G). In the CD8+ T cell subset, we saw high
numbers of total CD8+ T cells in the BALF of Omicron BA.5–infect-
ed mice compared to BA.1 (Fig. 3H), which were also mirrored in
the mediastinal lymph node (fig. S4C). No differences in percent-
activated T cells were observed between the two groups both in
BALF and mediastinal lymph node (Fig. 3I and fig. S4D). While

Fig. 2. SARS-CoV-2 Omicron BA.5 induces increased pathology at 5 dpi. (A) Three-month-old K18-hACE2 mice (n = 10 per Omicron variant) were infected with 3.25 ×
104 PFU of SARS-CoV-2 Omicron BA.1 or BA.5. Weights weremonitored daily, andmicewere euthanized 5 dpi. Two-way ANOVAwith Sidak’s multiple comparisons test. (B)
Lung viral titers. Tissues were collected from 3-month-old infected mice 2 and 5 dpi and homogenized, and virus was collected for plaque assay. Two-way ANOVAwith
Tukey’s multiple comparisons test. Data are means ± SEM. (C) Lung viral titers in the lung of 5-month-old mice 2 dpi. Two-tailed Mann-Whitney test. Data are means ±
SEM. (D) Viral RNA in the lungs of 3-month-old mice at 2 and 5 dpi by qRT-PCR. Two-way ANOVAwith Tukey’s multiple comparisons test. Data are means ± SEM. (E) Viral
RNA in the lungs of 5-month-old mice 2 dpi. Two-tailed Mann-Whitney test. Data are means ± SEM. (F) Representative H&E staining (a, b, e, f, i, and j) of lung histopa-
thology or IHC staining with an anti–SARS-CoV-2 N protein antibody (c, d, g, h, k, and l) (one section analyzed per mouse) at death or study endpoint in control (a to d) or
mice infected with Omicron BA.1 (e to h) or Omicron BA.5 (i to l). Perivascular infiltrates (arrowheads) were more numerous in mice infected with Omicron BA.5 compared
to Omicron BA.1. Mice infected with Omicron BA.5 developed interstitial infiltrates (asterisk) and inflammatory cells in alveoli (arrow). Scale bars, 1 mm (a, c, e, g, i, and k)
and 100 μm (b, d, f, h, j, and l). For histopathology and IHC analyses, representative images were selected on the basis of mean pathology score. (G) Quantification of the
histopathology in the lung. Two-tailed Mann-Whitney test. Data are means ± SEM. (H) Quantification of virus nucleoprotein positive lung sections. Two-tailed Mann-
Whitney test. Data are means ± SEM. ***P < 0.001, ****P < 0.0001.
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the percent of CD69+-activated CD8+ T cells was not different, anal-
ogous to the CD4+ T cells, we saw a significant increase in the
number of activated CD8+ T cells in the BALF of Omicron BA.5–
infected mice compared to Omicron BA.1–infected mice (Fig. 3J).
We also investigated the levels of γδ T cells and found that their
numbers too were elevated in the BALF of Omicron BA.5–infected
mice compared to BA.1, but similar levels were detected in the
lymph node (Fig. 3K and fig. S4E). NK T cells (NK1.1+ TCRαβ+),
which have been associated with both positive and negative out-
comes following SARS-CoV-2 infection in humans (43–46), were
increased in Omicron BA.5–infected mice compared to Omicron
BA.1–infected mice (Fig. 3L). We also analyzed the number of B

cells in the lymph node, and no differences were noted between
groups at this stage of infection (fig. S4F), which was not unexpected
as B cell responses typically take more time to amplify. Last, we
looked at the number of regulatory T cells (CD4+ CD25Hi Tregs)
which can express IL-10, an important cytokine in preventing ex-
cessive inflammation during virus infection (47), but which have
been associated with severe disease in COVID-19 (48, 49). The
number of Tregs was significantly up-regulated in Omicron BA.5–
infected mice compared to Omicron BA.1–infected mice (Fig. 3M).

To gain insights into the cytokine profile in Omicron BA.1– and
Omicron BA.5–infected mice, we evaluated secreted cytokines in
the BALF at 5 dpi. The levels of proinflammatory cytokines IL-6

Fig. 3. SARS-CoV-2 Omicron BA.5 infection induces increased cellular immune response at 5 dpi. K18-hACE2 mice were infected with SARS CoV-2 Omicron BA.1 or
BA.5 (n =10 per Omicron variant). At 5 dpi, BALF were collected, and cells were characterized by flow cytometry. Gray dashed line represents average values for mock-
infected mice. (A) Number of neutrophils. (B) Number of monocyte-derived macrophages 5 dpi. (C) Alveolar macrophages. (D) NK cells. (E) Number of CD4+ T cells. (F)
Percent CD4+ CD69+ T cells. (G) Number of CD4+ CD69+ T cells. (H) Number of CD8 + T cells. (I) Percent CD8+ CD69+ T cells. (J) Number of CD8+ CD69+ T cells. (K) Number of
γδ T cells. (L) Number of NK1.1+ TCRβ+ NK T cells. (M) Number of CD4+ CD127Lo CD25Hi Tregs. (N to R) Cytokine expression in BALF 5 dpi. Levels of expression of (N) IL-6, (O)
TNF-⍺, (P) IL-2, (Q) IFN-γ, and (R) IL-4. A two-tailed unpaired t test used to analyze data that followed a normal distribution and Mann-Whitney test for data not normally
distributed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and TNF-α were significantly higher in Omicron BA.5–infected
mice compared to Omicron BA.1–infected mice (Fig. 3, N and
O). The levels of the T helper cell 1 (TH1) cytokines (50), IL-2
and IFN-γ, were also elevated in Omicron BA.5–infected mice com-
pared to Omicron BA.1–infected mice (Fig. 3, P and Q). Last, we
found that the levels of the TH2 cytokine IL-4 was higher in
Omicron BA.5–infected mice compared to Omicron BA.1 (Fig. 3R).

Overall, we observed an increase in immune infiltrates and
proinflammatory cytokines in the lungs of Omicron BA.5–infected
mice compared to Omicron BA.1–infected mice at 5 dpi. The extent
to which they contribute to the pathology and mortality observed in
the Omicron BA.5–infected mice is an area that requires further in-
vestigation, but reports with prior VOC have correlated an increase
in immune cells and proinflammatory cytokines with increased pa-
thology and disease (34, 35).

Whole genome sequence comparison of SARS-CoV-2
Omicron BA.1 and BA.5 evaluates differences between
the VOC
To better understand the different phenotypes following SARS-
CoV-2 Omicron BA.1 and BA.5 infections, we sequenced the
Omicron variants used in the aforementioned infections to deter-
mine whether there were unique mutations that might explain the
Omicron BA.5–induced pathogenesis. The percentage nucleotide
similarity between our Omicron BA.1 (OP984771) and BA.5
(OP984772) sequences with the representative sequences of each
group (BA.1 OL672836.1 and BA.5 ON249995.1) was 99.9 and
99.8%, respectively, with only one unique amino acid mutation
(nsp6 L3829F, summarized in Fig. 4A). As expected, the majority
of the differences between our Omicron BA.1 and BA.5 isolates
were localized in the S protein (Fig. 4B). These were mostly in the
N-terminal domain (NTD) and the RBD of the S1 subunit. Several
NTD mutations clustered in short flexible loops that likely represent
antigenic sites (51), with RBD mutations generally outside of the
ACE-2–interacting residues (Fig. 4C and fig. S5) (52). Only two mu-
tations were observed in the S2 subunit, K858N upstream of the
HR1 domain (just outside of the fusion peptide) and F983L in the
HR2 domain. The next set of mutations were in ORF1a and includ-
ed mutations in nsp1, nsp3, nsp4, and nsp6 and one unique substi-
tution in nsp6 (L3826F), (Fig. 4A). nsp3, nsp4, and nsp6, which
displayed the most variability between Omicron BA.5 and BA.1,
have been shown to be important for SARS-CoV-1 replication, par-
ticularly in the formation of double-membrane vesicles (53–55). In
ORF1b, mutations were observed in nsp13 and nsp15, a T223I sub-
stitution in ORF3a, a deletion was found in the envelope (E) protein
V14D, with a G3N substitution in the matrix (M) protein, two
amino acid insertions +1M and +2N in ORF8, which has been
shown to dampen CD8+ T cell response by down-regulation
major histocompatibility complex I (MHC-I) (56), and a S413R
substitution in the N protein (Fig. 4A).

Collectively, Omicron BA.5 is distinct from Omicron BA.1, with
most of the mutations in the S protein and ORF1a. A comparison to
Wuhan-Hu-1 S is also shown in fig. S5. In comparing SARS-CoV-2
WA1/USA to Omicron BA.1, Liu et al. (4) showed that a region
between nsp1 and nsp12 is most likely important for the difference
in pathogenicity. Further studies are required to better understand if
Omicron BA.5 has regained these mutations and if they are driving
the pathology observed.

DISCUSSION
SARS-CoV-2 Omicron variants BA.1 and BA.2 result in attenuated
disease and low mortality in mouse and hamster models of disease
(14, 57). The inability to cause significant morbidity and mortality
has limited the testing of vaccines and antiviral therapies in small
animal models, as well as our understanding of viral drivers of path-
ogenesis. Here, we report that Omicron BA.5 causes significant
disease and mortality in K18-hACE2 mice, which was age depen-
dent, with 5- to 8-month-old mice displaying increased morbidity
and mortality compared to 3-month-old animals. Our results agree
with previous reports showing the importance of age in SARS CoV-
2 pathogenicity (58–61). It has been shown that the initial activation
and priming of both the innate and adaptive immune response can
be delayed or dysregulated with aging (38, 62–65). This dysregula-
tion can lead to reduced effectiveness while being accompanied by
heightened inflammation (38). In addition, factors such as ineffec-
tive T cell priming, a decrease in the naïve T cell repertoire, and
slower antibody maturation can result in inadequate adaptive
immune responses to SARS-CoV-2 and correlate with older age
(65–67). These aspects of immunosenescence may contribute to in-
creased pathogenicity in older mice and humans while also leading
to exacerbated inflammation.

We also report that Omicron BA.5 establishes infection faster
than Omicron BA.1, with significantly higher viral levels observed
in the lungs of Omicron BA.5–infected mice than Omicron BA.1–
infected animals particularly early postinfection. It is possible that
this rapid replication both in the oral cavity and the lungs of
Omicron BA.5 mice triggers severe lung injury leading to the in-
creased pathogenicity observed. Although the levels of infectious
virus are comparable between Omicron BA.1– and Omicron
BA.5–infected mice at 5 dpi, IHC data show higher levels of viral
N protein in the lungs, alluding to higher amounts of viral
antigen in the lungs of Omicron BA.5–infected mice. These find-
ings suggest that Omicron BA.5 established a robust infection
faster than Omicron BA.1 (68). In addition, that K18-hACE2
mice could be used as a model for pathological, vaccination, and
antiviral studies of the VOC Omicron BA.5.

Studies using SARS-CoV-2 Omicron VOC have produced vari-
able outcomes in the ability to induce morbidity and mortality in
K18-hACE2 mice (3, 4, 14, 57, 69). Shuai et al. (69) observed
weight loss and lethality in 47% of K18-hACE2 mice infected
with SARS-CoV-2 B.1.1.529 Omicron. In contrast, another study
observed no weight loss or mortality following infection with
SARS-CoV-2 B.1.1.529 Omicron (14). One recent study reported
that Omicron BA.5 did not cause disease or lethality in K18-
hACE2 mice (70). However, the latter study used only younger
female mice, while our study used older mice of both genders. It
is well documented that both age and gender are significant
factors in SARS-CoV-2 pathogenesis, with males displaying more
severe disease than females. Thus, distinctions between our study
and prior studies could be a result of several factors, including
but not limited to animal age and gender, differences in the
animal microbiome, or specific mutations between the viral isolates
used for infection. It is well recognized that microbiomes can vary
from one facility to another, mouse to mouse or human to human.
These differences can differentially affect immune responses to
therapy, vaccination, and infection dynamics leading to variable
outcomes (71–75). Virus propagation can also give rise to mutations
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Fig. 4. Comparison of SARS-CoV-2 Omicron BA.1 and BA.5 genome sequences. (A) Full genome comparison of Omicron BA.5 to BA.1. In red are amino acid differ-
ences, ** represent mutations unique to our viral stock, and Δ represent a deletion. (B) S protein comparison between Omicron BA.5 and BA.1. (C) Omicron BA.1 S protein
[structure source Protein Data Bank (pdb): 7tgw]. Blue, NTD; grey, RBD; yellow, Receptor-binding motif; red, mutated residues in Omicron BA.5.
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that can either drive or attenuate pathogenesis (76–79). We found
two mutations in ORF1a (L3515P and L3826F) and a valine deletion
at position 14 in the E protein between our Omicron BA.5 sequence
and that used by Uraki et al (70). It is possible that these mutations
contributed to the virulence differences observed. Overall, it is clear
that multiple groups have observed differences in pathogenicity of
Omicron variants, and further studies are required to investigate the
effects of these variables and to better define the viral determinants
of pathogenesis we and others observe for SARS-CoV-2
Omicron BA.5.

An important observation with the early SARS-CoV-2 WA1
strain was the infection of the respiratory and olfactory epithelia
leading to brain infection that resulted in symptoms such as
anosmia and frequently death (31, 80). VOC Alpha, Beta, and
Delta have all been shown to cause significant brain infection in
K18-hACE2 mice (22, 24, 25, 28–30). It has even been further sug-
gested that brain infection is necessary for these early VOC to cause
weight loss and mortality, as aerosolized inoculation methods in
mice resulted in similar lung infection to intranasal infection, yet
no brain infection nor mortality (81). However, despite causing sig-
nificant weight loss and mortality, infection with Omicron BA.5 did
not lead to neurological symptoms. We did not detect infectious
viral particles or significant levels of viral RNA in the brains of
Omicron BA.1– or BA.5–infected mice, a unique finding as com-
pared with previous work on earlier VOC. As ACE2 levels in the
CNS are very low, it is thought that other host factors, such as neu-
ropilin-1 (NRP1), may serve to permit neurotropism (18, 82). Our
data align with recent studies with cells in which NRP1 is the dom-
inant receptor for SARS-CoV-2, such as using human brain organo-
ids and astrocytes, where SARS-CoV-2 Omicron showed minimal
infection compared to SARS-CoV-2 WA-1 and Delta strains (82).
It is probable that as SARS-CoV-2 evolved and new VOC
emerged, there was an increase in hACE-2 binding, leading to en-
hanced viral spread. However, concurrently, this could have result-
ed in decreased binding to NRP-1, potentially leading to reduced
brain infections. However, further studies are needed to rule out in-
fections in other organs and to determine whether and how much
they contribute to disease and mortality.

Among the unique observations made in the study was that
despite having similar levels of virus in the lung at 5 dpi,
Omicron BA.5–infected mice displayed more severe disease and pa-
thology compared to Omicron BA.1–infected mice. It is possible
that the severe disease and pathology are driven by the more
rapid establishment of infection by Omicron BA.5 compared to
BA.1, which could cause immune hyperactivation leading to CRS
and ARDS that has been associated with severe SARS-CoV-2 out-
comes in patients (34, 83). To better understand the role of the
immune response in the observed pathology, we characterized the
immune phenotypes of Omicron BA.1– and BA.5–infected animals
at 5 dpi. Inflammatory cells such as neutrophils, monocyte-derived
macrophages, NK cells, and activated T cells were increased in
BALF of Omicron BA.5–infected animals. While these cells are im-
portant for virus clearance, they have also been shown to contribute
to increased pathology and disease when overactivated (33, 34, 36,
84). For instance, NK cells have been shown to be important for
early antiviral responses, but in patients with severe COVID-19,
they are hyperactivated, characterized by increased CD57 and
NKG2C expression (85, 86). Notably, a reduction in alveolar mac-
rophages was observed in Omicron BA.5–infected animals. A

decrease in alveolar macrophages has been observed in severe
cases of COVID-19 in patients (36, 87, 88). Several studies have in-
vestigated potential mechanisms underlying this reduction in alve-
olar macrophages following SARS-CoV-2 infection. Among the
proposed mechanisms is the internalization of the virus by macro-
phages and monocytes through an FcγR-mediated pathway, trigger-
ing inflammasome activation and subsequent pyroptosis (41, 89).
Another hypothesis suggests that SARS-CoV-2 infection and the
subsequent loss of alveolar type 2 cells contribute to a decline in
GM-CSF, a critical cytokine involved in the self-renewal of alveolar
macrophages (87, 90). Further work would need to be performed to
determine whether these cells die because of infection, a decrease in
survival factors, or both. In addition to proinflammatory cells, we
also observed an increase in CD4+ CD25Hi Tregs in the Omicron
BA.5–infected mice. While these cells are classically associated
with suppressive functions that are important in resolving inflam-
mation (91), recent work with SARS-CoV-2 has shown an increase
of Tregs in patients with severe COVID-19 (49), and while these cells
were found to express suppressive factors, they can also express
proinflammatory cytokines that can exacerbate inflammation,
thus pointing to a multifactorial role for Tregs in SARS-CoV-2
(49). In addition, high levels of IL-10 have been found in patients
with severe COVID-19 (48, 92), further highlighting potential roles
for this cytokine that may extend beyond suppression of inflamma-
tory responses. Concurrently, IL-6, TNF-α, the TH1 cytokines IL-2
and IFN-γ, and IL-4, which can activate B cells, were all elevated in
the BALF. It is possible that these cytokines not only help mount an
antiviral immune response in BA.5-infected mice but also could ex-
acerbate inflammation and thus lead to CRS. Whereas we focused
on immunological characterization at 5 dpi, it may be valuable to
study the immune response at earlier time points. BA.1 and BA.5
viral kinetics show viral load differences at 1 and 2 dpi, and we
posit that the early differences in viral load may account for later
differences in immune responses.

Several mutations have emerged in Omicron BA.5, and it is pos-
sible that such mutations could play an important role in the differ-
ences in pathogenicity between Omicron BA.1 and BA.5. The
majority of the differences between the two Omicron variants are
in the S protein. While the S protein is critical in infection, partic-
ularly cellular entry, it is partially implicated in pathogenesis (26,
76), along with other viral proteins that have been shown to play
a role (56, 93). Multiple proteins of SARS-CoV-2 are involved in
the modulation of the immune response such as inhibition of
IFN-β, which include nsp1, nsp3, nsp6, nsp12, nsp13, nsp14,
ORF3, ORF6, and the M protein (94–96), several of which were
mutated between Omicron BA.1 and BA.5. The ORF8 in our
Omicron BA.5 isolate carries two additional amino acids, +1M
and +2N, at the N terminus of the protein. Zhang et al. (56) have
shown that SARS-CoV-2 ORF8 protein is important for immune
invasion by down-regulating MHC-I proteins, leading to evasion
of cell lysis of infected cells by cytotoxic T cells (CD8+ T cells). In
addition to their role in agonizing the immune response to infec-
tion, nsp2-16 forms replication-transcription complex, which is im-
portant for viral replication (97). Of important interest are nsp3,
nsp4, and nsp6, which displayed the highest mutations differences
outside the S protein between Omicron BA.1 and BA.5 and are crit-
ical for the formation of double-membrane vesicles, critical com-
partments for SARS-CoV-1 and SARS-CoV-2 viral replication
(53–55, 98). Given the rapid establishment of infection by
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Omicron BA.5, it is possible that the mutations in nsp3, nsp4, and
nsp6 enhance the formation of double-membrane vesicles by
Omicron BA.5, leading to increase virus production. This may in
turn hyperstimulate the immune response leading to CRS, in-
creased pathology, and ultimately death. These changes between
Omicron BA.1 and BA.5 may result in enhanced immune invasion
and replication by Omicron BA.5, perhaps leading to increased
pathogenicity.

Compared to earlier variants, the Omicron variants have been
characterized as less pathogenic especially in animal models of
disease. Initial in vitro studies attributed the attenuation of the
Omicron B.1.1.529 to inefficient use of the transmembrane serine
protease 2 (TMPRSS2) and to decreased spike protein cleavage
(69, 99). However, while most initial studies focused on the role
of the S protein on this attenuation, Liu et al. (4) showed that the
S protein was likely not a major determinant of the attenuation ob-
served in animal models since a recombinant Omicron BA.1 carry-
ing the SARS-CoV-2 WA-1 S did not cause significantly more
disease or mortality compared to a the equivalent virus carrying
the Omicron-S. Rather, attenuation was attributed to the 50 untrans-
lated region to NSP12 regions (4). A recent study showed that the
combination of the Omicron S protein and NSP6, in which we ob-
served several differences between Omicron BA.1 and BA.5, played
a role in the attenuation of SARS-CoV-2 WA-1 (93). However, the
study did not investigate changes induced by NSP6 alone. Further,
gain of pathogenicity studies have not been performed, particularly
among circulating Omicron strains. We found that Omicron BA.5 is
more pathogenic than Omicron BA.1, which makes such pathoge-
nicity studies possible. Although at this point the viral proteins
driving pathogenicity in Omicron BA.5 are unknown, we have es-
tablished an excellent model to further elucidate the role of the S
and the nonstructural proteins in driving pathogenicity in
Omicron BA.5.

In summary, we uncovered age-dependent severe disease in
K18-hACE2 mice following Omicron BA.5, but not Omicron
BA.1 infection, despite active viral replication in the lungs of both
groups. This pathology correlated with increases in immune cell in-
filtrates and proinflammatory cytokines in the lungs of Omicron
BA.5–infected mice. Overall, we establish K18-hACE2 mice as a
lethal model to understand age-dependent SARS-CoV-2 Omicron
disease and pathological differences between SARS-CoV-2
Omicron strains, with high potential for utility in pathogenicity
studies as well as vaccine and antiviral development.

MATERIALS AND METHODS
Cell and virus expansion
Vero cells expressing hACE2 and TMPRSS2 [Vero E6-TMPRSS2-
T2A-ACE2; Biodefense and Emerging Infections Research Resourc-
es Repository (BEI): NR-54970] were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) solution with 10% fetal bovine
serum (FBS), penicillin-streptomycin (100 IU/ml), and puromycin
(10 μg/ml). Cells were cultivated in a T-75 flask with 5% CO2 at 37°C
and cell density between 0.25 and 2 million cells/ml. SARS-CoV-2
Omicron sublineages BA.1(BEI: NR-56461) and BA.5 (BEI: NR-
58620) were obtained from BEI Resources. The viruses were prop-
agated in Vero AT cells, supplemented with 2% FBS and penicillin-
streptomycin (100 IU/ml) for 2 days.

Whole genome sequencing
Whole genome sequence of viral stocks Omicron BA.1 (OP984771)
and Omicron BA.5 (OP984772) was performed using a tailed am-
plicon method using the primers and protocol previously described
(100). Following each multiplex PCR, libraries were constructed
using the Twist Library Preparation EF Kit 2.0 and the Twist CD
Index Adapter set 1-96 (Twist Bioscience). The sequencing was
carried out in the iSeq platform using an iSeq 100 flow cell and car-
tridge (Illumina). Resulting reads were trimmed using Trimmo-
matic (101) and mapped using BWA-MEM2 (102) against a
reference genome of SARS-CoV2 (accession number OP295757)
in The Galaxy platform (103).

SARS-CoV-2 infection in K18-hACE2 mice
In vivo studies were conducted in compliance with the National In-
stitutes of Health’s Guide for the Care and Use of Laboratory
Animals. All experiments were carried out under Biosafety Level
3 (BSL-3) conditions and were authorized by Cornell University’s
Institutional Animal Care and Use Committee (mouse protocol
no. 2017-0108 and BSL-3 Institutional Biosafety Committee no.
MUA-16371-1). For this study, 3-month-old and 5- to 8-month-
old heterozygous K18-hACE2 c57BL/6J mice [strain: 2B6.Cg-
Tg(K18-hACE2)2Prlmn/J] (21, 22, 80) were used (The Jackson Lab-
oratory, Bar Harbor, ME). Female and male mice were housed sep-
arately in groups of five per cage and provided a regular chow diet.
Intranasal SARS CoV-2 Omicron BA.1 or BA.5 virus inoculation
was conducted with 3.25 × 104 PFU per mouse under isoflurane an-
esthesia. The weight of the mice was monitored and recorded daily
for any weight loss after infection. Mice were euthanized at day 2
and 5 postinfection or at humane endpoint according to specified
protocols to reduce distress and were euthanized when weight loss
reaches 20% of the original weight from the day of challenge. Oral
swabs (24 and 48 hours postinfection) and organ samples from the
lung, brain, lymph node, and BALF were collected immediately
after euthanasia.

Real-time PCR
Oral swabs, lung, and brain tissues were homogenized in 1 ml of
TRIzol LS (Invitrogen). According to the manufacturer’s protocol,
total RNA extractions were carried out using chloroform. The
aqueous phase was collected, mixed with isopropanol, and
washed with 70% ethanol after isopropanol removal. The RNA
pellet was resuspended in the ribonuclease (RNase) deoxyribonu-
clease (DNase)–free water, and the RNA quality and genomic
DNA contamination were validated according to the previous
reports (104). Using the iTag Universal Probes One-Step Kit (Bio-
Rad), qRT PCR was performed as described by the manufacturer’s
protocol. Primers and probe (Integrated DNA Technologies DNA:
TGGCCGCAAATTGCACAATT;TGTAGGTCAACCACGTTCCC
;/56FAM/CGCATTGGCATGGAAGTCAC/3BHQ_1/) (105) were
individually resuspended to 20 μM stock solutions in RNase
DNase-free water. qPCRs were conducted in 384-well plates and
read by the ViiA 7 Real-Time PCR System (Thermo Fisher
Scientific).

Plaque assay
Oral swabs, lung, and brain organs were homogenized in DMEM
supplemented with 2% FBS, and the supernatant was used for
plaque assay. Vero AT cells were cultured at 5 × 105 cells per well
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density in 12-well plates and incubated overnight at 37°C before in-
fection. Serial dilutions of the virus in DMEM with 2% FBS were
prepared and, after washing cells with serum free DMEM, distrib-
uted on cells for 1 hour in 37°C and gently mixed every 10 min.
Cells were overlaid with 1 ml per well of 0.3% agarose-containing
2% FBS medium and incubated at 37°C for 3 days. To visualize
and count the plaques, plates were fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet in 30% methanol (25). PFUs
were calculated according to the number of plaques, and the size
of the plaques was quantified using ImageJ software (Fuji).

Flow cytometry
Lymphocytes were harvested from mediastinal lymph nodes and
BALF immediately following euthanasia. The lymph node organ
was mashed through a 70-μm filter, and BALF lymphocytes were
separated from the supernatant after centrifugation. Cells were
stained for three separate panels (table S1). Stained cells were run
on the Attune NxT (Thermo Fisher Scientific) and analyzed using
FlowJo Software 10 (BD Biosciences).

Multiplex assay
BALF was assayed for IL-2, IL-4, IL-6, TNF-α, and IFN-γ using the
Procartaplex Mouse High Sensitivity Panel 5-plex (Invitrogen).
Briefly, samples were thawed on ice and prepared as described by
the manufacturer ’s protocol, and plates were read in the
MAGPIX (Luminex), quantified with xPONENT Software
(Luminex), and graphed per analyte.

Histopathology
Following euthanasia, organ samples including lung and brain were
collected for histologic examinations and assessed as previously de-
scribed (25). Briefly, the tissues were preserved in 10% formalin for
more than 72 hours before being embedded in paraffin. Tissue sec-
tions (4 μm) were stained with H&E, examined, and scored in a
blinded manner by an anatomic pathologist. For the lung, the fol-
lowing criteria were used to assign scores based on the percentage of
various tissue types (alveolus, vessels, etc.) affected: normal (0); less
than 10% (1); between 10 and 25% (2); 26 to 50% (3); and higher
than 50% (4) (106). Lung pathology of Omicron BA.1– and BA.5–
infected K18-hACE2 mice was assessed using lung sections stained
with hematoxylin. Histologic grading of perivascular inflammation
was performed on brains using the most seriously afflicted vessel
and the following criteria: (0) no perivascular inflammation; (1) in-
complete cuff one cell layer thick; (2) complete cuff one cell layer
thick; (3) complete cuff two to three cells thick; and (4) complete
cuff four or more cells thick. The most seriously affected region
and the following criteria were used to assess necrotic cells in the
neuroparenchyma per 0.237 mm2 field: (0) no necrotic cells; (1)
rare individual necrotic cells; (2) less than 10 necrotic cells; (3) 11
to 25 necrotic cells; (4) 26 to 50 necrotic cells; and (5) higher than 50
necrotic cells. Sections were stained with anti–SARS-CoV-2 N
protein rabbit immunoglobulin G monoclonal antibody
(GeneTex; GTX635679) at a dilution of 1:5000 to identify viral
antigen. The stained sections were processed using a Leica Bond
Max automated IHC stainer. Leica Bond Polymer Refine Detection
(Leica; DS9800) with 3,3’-Diaminobenzidine was used as the chro-
mogen. Images were acquired using a Roche Ventana DP200 slide
scanner, and immunolabeling was scored by a blinded anatomic pa-
thologist using the following criteria based on the tissue affection:

(0) none; (1) less than 10%; (2) 10 to 25%; (3) 26 to 50%; and (4)
higher than 50%.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism v9.0 with
two-way analysis of variance (ANOVA) with Sidak’s multiple com-
parisons, two-tailed unpaired test, two-tailed Mann-Whitney test.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were statisti-
cally significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Table S1
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