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Outcome of SARS-CoV-2 reinfection depends
on genetic background in female mice

Gagandeep Singh 1,2,12, Juan García-Bernalt Diego 1,2,12, Prajakta Warang 1,2,
Seok-Chan Park1,2, Lauren A. Chang 1,2,3, Moataz Noureddine1,2,3,
Gabriel Laghlali1,2,4, Yonina Bykov1,2,3, Matthew Prellberg 1,2,3, Vivian Yan 1,2,3,
Sarabjot Singh5, Lars Pache 6, Sara Cuadrado-Castano 1,2,7,8, Brett Webb9,
Adolfo García-Sastre 1,2,10,11 & Michael Schotsaert 1,2,7,8

Antigenically distinct SARS-CoV-2 variants increase the reinfection risk for
vaccinated and previously exposed population due to antibody neutralization
escape. COVID-19 severity depends onmany variables, including host immune
responses, which differ depending on genetic predisposition. To address this,
we perform immune profiling of female mice with different genetic back-
grounds –transgenic K18-hACE2 and wild-type 129S1– infected with the severe
B.1.351, 30 days after exposure to the milder BA.1 or severe H1N1. Prior BA.1
infection protects against B.1.351-induced morbidity in K18-hACE2 but aggra-
vates disease in 129S1. H1N1 protects against B.1.351-inducedmorbidity only in
129S1. Enhanced severity in B.1.351 re-infected 129S1 is characterized by an
increase of IL-10, IL-1β, IL-18 and IFN-γ, while in K18-hACE2 the cytokine profile
resembles naïve mice undergoing their first viral infection. Enhanced pathol-
ogy during 129S1 reinfection cannot be attributed to weaker adaptive immune
responses toBA.1. InfectionwithBA.1 causes long-termdifferential remodeling
and transcriptional changes in the bronchioalveolar CD11c+ compartment.
K18-hACE2 CD11c+ cells show a strong antiviral defense expression profile
whereas 129S1 CD11c+ cells present a more pro-inflammatory response upon
restimulation. In conclusion, BA.1 induces cross-reactive adaptive immune
responses in K18-hACE2 and 129S1, but reinfection outcome correlates with
differential CD11c+ cells responses in the alveolar space.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causative agent of the coronavirus disease 2019 (COVID-19) pandemic,
has evolved into several variants with different characteristics since it
originally started circulating at the end of 20191. One of the major

challenges in controlling current SARS-CoV-2 infections is to better
understand the risk and underlying mechanisms that allow reinfection
by different variants of SARS-CoV-2 which may affect vaccine efficacy
and protection provided by natural immunity2–5. Additionally, prior
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exposure to other respiratory viruses, such as influenza, soon before a
secondary SARS-CoV-2 infection, has also proved to have an impact in
COVID-19 severity6.

The immune response to SARS-CoV-2 infection is complex and
influenced by both viral and host factors, with factors such as viral
load, durationof exposure, genetics and the presenceof comorbidities
proving to be important factors7–10. Reinfection can occur as early as 3
months after the primary infection and it ismore likely to be caused by
antigenic distant variants that can escape virus neutralization by
antibodies11,12,13–16. Still, the correlates of protection and disease out-
come fromSARS-CoV-2 reinfectionor secondary infection are yet to be
determined and may involve adaptive as well as innate immune med-
iators. Understanding the factors that influence the immune response
to SARS-CoV-2 infection, reinfection and secondary infection is
essential for developing effective therapies and preventive strategies.

Animal models are indispensable for investigating the immuno-
logical aspects of COVID-19 and to understand the differential
responses elicited by the host towards distinct variants. Wild-type
mouse strains are resistant to infection with ancestral SARS-CoV-2
variants due to the low affinity of the viral spike protein to mouse
angiotensin-converting enzyme 2 (mACE2), the cellular receptor for
SARS-CoV-2 entry. The generation of K18-hACE2 mice, that express
human ACE2 (hACE2) under the control of the mouse K18 promoter,
helped to overcome this limitation in the experimental setting17.
However, the overexpression of hACE2 in tissues other than the
respiratory tract, such as the brain, increases the risk of systemic viral
infection with high lethality even at low doses of inoculum18. SARS-
CoV-2 variants that circulated later during the pandemic, with N501Y
mutation in their S-protein receptor binding domain (RBD), can infect
inbred mice strains such as BALB/c, C57BL6, and 129S119. SARS-CoV-1
and SARS-CoV-2 replication was observed in lungs of all three inbred
mouse strains with 129S1 mice showing higher susceptibility to infec-
tion and morbidity19–22.

Here, we used 129S1 and K18-hACE2 mouse strains to study the
outcomes of reinfection and secondary SARS-CoV-2 infection. To
study reinfection, we used two different variants of SARS-CoV-2,
BA.1(Omicron) and B.1.351 (Beta), both harboring the N501Y mutation
in theRBDof their S-protein. After initial exposure to themildOmicron
BA.1, mice were allowed to recover for 4 weeks and were then rein-
fected with the B.1.351 variant, at a dose that is lethal for naive K18-
hACE2 mice, and which typically causes 10–15% transient body weight
loss in naive 129S1mice. Toasses SARS-CoV-2 secondary infection after
prior infection with an unrelated pathogen, we performed similar
experiments in mice that overcame a primary infection with H1N1
influenza virus (NC99, A/New Caledonia/20/99), a virus that causes
severe disease in 129S1 mice and around 10% bodyweight loss in K18-
hACE2mice at the chosen dose. Four weeks after NC99 infection, mice
were infected (secondary infection) with B.1.351 (Fig. 1). We observed
that prior exposure to BA.1 resulted in protection during reinfection
with B.1.351 in K18-hACE2 mice. In contrast, 129S1 mice displayed
increased morbidity, higher weight loss and lung damage upon rein-
fection. NC99 primary infection led to the opposite outcome, with
NC99-exposed 129S1 mice showing reduced morbidity after
B.1.351 secondary infection and NC99-exposed K18-hACE2 showing
similar morbidity and lung viral titers to naïvemice exposed to B.1.351.
The different disease outcomes after reinfection did not correlate with
differences in host adaptive immune responses induced after primary
infection, as addressedby serology andT cell immunity. However, BA.1
infection profoundly affected the composition and responsiveness of
the alveolar CD11c+ cell compartment during both in-vivo and in ex-
vivo restimulation experiments, and these altered responses were
further dependent on mouse genetic background. Furthermore, this
genetic background-related altered responsiveness of alveolar CD11c+
cells correlates with the differential outcome of disease during rein-
fection with B.1.351 infection.

Results
Prior exposure to BA.1 or NC99 has opposite effects in disease
severity outcomes of K18-hACE2 and 129S1 mice during B.1.351
reinfection
Heterotypic reinfections with different SARS-CoV-2 variants (reinfec-
tion) have been widely reported, especially since the emergence of
antigenically drifted Omicron lineages able to escape neutralizing
antibodies induced by previous infection or vaccination2,4,5. The out-
come of the second infection has shown to be influenced by the
antigenicmatch and quality of host immune responses induced by the
first infection, ranging from full protection to partial protection2,4,5.
Although less explored, some reports suggest that prior exposure to
other respiratory viruses, such as influenza, can have a notable impact
on SARS-CoV-2 secondary infection6.

Here, we tested whether mice that went through mild Omicron
BA.1 infection would be protected from severe morbidity during
B.1.351 reinfection. The selection of these twoSARS-CoV-2 variants was
basedon our previous results demonstrating thatBA.1 infection ismild
and causes no morbidity in mice whereas B.1.351 infection can cause
more severemorbidity inmousemodels and is lethal in the K18-hACE2
mice model18. Thus, while this infection regime contradicted chron-
ological emergenceof the variants, it allowed us to evaluate protection
against severe infection conferred by mild disease-causing variant.
Additionally, to assess if the effect of BA.1 primary infection in B.1.351
infection severity was virus-specific or a could be provided by a dif-
ferent respiratory infection, 129S1 and k18-hACE2 mice were chal-
lenged with 100 PFU of H1N1 influenza virus (NC99, A/New Caledonia/
20/99). NC99 infection causes severe disease in 129S1 mice (2 out of 5
mice reached humane endpoint criteria due to NC99 infection) and
causes around 10% bodyweight loss in K18-hACE2 mice. Secondary
infection of 129S1 and K18-hACE2 mice was carried out 31 days after
first infection with 104 PFU of mild morbidity-causing SARS-CoV-2
Omicron BA.1 variant [Fig. 1].

Focusing on SARS-CoV-2 reinfection, bothmouse strains exposed
to BA.1 showed a 1.5 log10 reduction in B.1.351 lung virus titers com-
pared to the first time-infected groups [Fig. 2A (ii), B (ii)]. However, we
observed contrasting results in daily body weight data, with B.1.351
reinfected K18-hACE2 mice displaying protection while 129S1 mice
showed signs of severe morbidity as measured by body weight loss
after B.1.351 infection [Fig. 2A (i), B (i)]. Strikingly different B.1.351
disease severity was observed in mice pre-challenged with NC99, with
129S1 mice being the ones protected from severity while K18-hACE2
showed no difference to the Mock:B.1.351 group [Fig. 2A (i), B (i)].
B.1.351 lung viral titers at 4DPIwere reduced to a similar extent in 129S1
mice pre-exposed with either BA.1 or NC99. On the other hand, k18-
hACE2 showedmeanB.1.351 titers in NC99pre-exposedmice similar to
those of the Mock:B.1.351 group.We then assessed the increased
severity observed in BA.1:B.1.351 129S1 mice by histopathological
examination of infected lungs. This was done at 4 DPI, the time point
that typically coincides with peak lung virus titers in both mouse
strains and with peak body weight loss in 129S1 mice. This time point
may be too early to observe peak pathology, as this typically comes
later than peak virus replication. Nevertheless, Pathological analysis
confirmed the higher pathology score for 129S1 compared to K18-
hACE2 mice [Fig. 2A (iii), B (iii)]. In both mouse models, B.1.351 infec-
tion promoted inflammation and histiocytosis at the alveolar com-
partment, which was less severe in B.1.351 reinfected mice. B.1.351
infection also caused necrosis in 129S1. Alveolar inflammation and
histiocytosis were present inmock infected 129S1 suggesting a distinct
basal inflammatory response inherent to the genetic background of
these mice. In contrast to the above results, we observed that B.1.351
reinfection in BA.1 infected 129S1 mice results in enhanced peribron-
chial and perivascular lymphoid hyperplasia [Fig. 2A (iii), (iii)]. Upon
closer examination, B.1.351-challenged 129S1 mice showed higher
presence of macrophages with eosinophilic cytoplasm; this was true
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for all 129S1 mice, irrespective of BA.1 prior infection or not, unveiling
itself as a distinct hallmark of inflammatory response present at
baseline in 129S1mice [Supplementary Fig. 1A]. Altogether, 129S1 mice
and K18-hACE2 mice seem to have different baseline levels of inflam-
mation, as well as composition of the alveolar macrophage
compartment.

In addition to the distinct pathology, strain-specific differences
were also identified in the cytokine profile displayed by K18-hACE2
and 129S1 mice [Fig. 2C]: B.1.351-only infection of K18-hACE2 mice
prompted a Th1-like immune response characterized by high levels
of CXCL10, IFN-γ, IL-12p70, GM-CSF, RANTES, TNF-α, MIP-1 α, MCP-3,
MCP-1, IL-18 and IL-6. Similar or even higher levels of these Th1-
polarizing cytokines/chemokines were found in NC99:B.1.351 group
of K18-hACE2 mice, linking this pro-inflammatory Th1 profile to the
increased severity observed in this group and theMock:B.1.351 group
when compared to the BA.1:B.1.351 group. On the other hand, levels
of these cytokine/chemokines in theBA.1:B.1.351 groupwere found to

be similar to those in theMock:Mock K18-hACE2 animals. [Fig. 2C and
Supplementary Fig. 1B]. Interestingly, while IL-17A levels were com-
parable to mock in B.1.351-only infection, we found elevated IL-17A
levels in BA.1 andNC99pre-infected B.1.351 infectedK18-hACE2mice.
In contrast to the responses observed in K18-hACE2 mice, B.1.351-
only infection elicited both Th1 and Th2 immune response in 129S1
mice [Fig. 2C, Supplementary Fig. 1B]. BA.1 challenged 129S1 mice
displayed a raise in the expression of IL-1β, TNF-α, IL-10, IL-18, IFN-γ,
IL-13, IL-5 and IL-10 upon B.1.351 reinfection. 129S1 mice pre-
challenged with NC99, showed a similar Th1 cytokine/chemokine
profile to theMock:BA.1, but reduced levels of Th2 cytokines IL-4, IL-5
and IL-13, which could indicate a lower activation of repair mechan-
isms, due to the lower severity of the secondary infection. In both
mouse strains, however, NC99:B.1.351 group is characterized by ele-
vated levels of IL-22, IL-23 and IL-27 when compared both to the
Mock:B.1.351 and the BA.1:B.1351 groups [Fig. 2C, Supplemen-
tary Fig. 1B].
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Fig. 1 | Experimental design to assess the impact of reinfection and secondary
infection with SARS-CoV-2 in mice with different genetic backgrounds.Mice
were first infected with either Mock (PBS), BA.1 (104 PFU) or NC99 (102 PFU) and
allowed to recover for 30 days (1st infection, highlighted in black). 7- and 30-days
post infection (DPI), 5 animals from each group were necropsied and bronch-
ioalveolar lavagefluid (BALF)was collected to evaluate CD11c+populations viaflow
cytometry. At 30 DPI, BA.1- infected or mock-infectedmice (n = 3) were euthanized
to collect serum, whole lungs and BALF. Whole lungs were used for downstream
analysis of T-cell responses by flow cytometry. Bronchioalveolar lavage fluid (BALF;
n = 5) was the source of CD11c+ cells for isolation, which were further subjected to
transcriptome and cytokine/chemokine recall response analysis. Serum collected
at 30 DPI was used to assess antibody responses against BA.1 and B.1.351 spike
protein and for further passive immunization studies (highlighted in blue). For
T-cell depletion experiments, mice were depleted at 28 and 30 DPI (24 h and 72 h

prior to B.1.351 challenge). 31 days after the first infection, mice were challenged
with 104 PFU of B.1.351 (2nd infection, highlighted in red). After the 2nd infection,
mice’s bodyweights were measured daily to assess infection severity. 4 days after
B.1.351 challenge (4DPI, highlighted in red), mice were necropsied and lungs were
collected for downstream analysis of lung virus titers, lung histopathogy and
cytokine/chemokine responses. For passive immunization experiments (high-
lighted in blue), 129S1 mice were intraperitoneal injected with pooled serum from
either mock infected or BA.1 infected mice. One day after, mice were infected with
B.1.351 (104 PFU). Again, 4 days after B.1.351 infection, mice were necropsied and
lungs were collected to assess viral titers, histopathogy and cytokine/chemokine
responses. The number of mice/group used for the different analyses is mentioned
in each figure legend. Created in BioRender. Singh (2022) https://BioRender.com/
a23x374.
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Fig. 2 | Opposite effectsofBA.1 orNC99pre-exposure inB.1.351disease severity
outcomes depending on mouse genetic background. K18-hACE2 or 129S1 mice
were infectedwith B.1.351 31 days after exposure to BA.1 (reinfection,n = 5) or NC99
(secondary infection, n = 5). A groupmock infected twice (Mock:Mock, n = 5) and a
groupmock-infectedand challenged31 days afterwithB.1.351 (Mock:B.1.351,n = 10)
were also included. Samples from every mice were used for every analysis unless
otherwise specified. A (i): Mean± SD weight change in 129S1 mice after mock-
challenge or challenge with 104 PFU of B.1.351. Statistical analysis: Kruskal–Wallis
test with Dunnett’s multiple comparisons test to the Mock:Mock group. A (ii):
Infectious virus titers in the lungs of mock, BA.1 (n = 5) or NC99 pre-infected (n = 3)
129S1 mice inoculated with 104 PFU of B.1.351. Representation: Box-plot with
median as center, 25th to 75th percentile-bound box and whiskers representing
maximum andminimum values. Statistical analysis: Ordinary two-way ANOVA with
Dunnett’s multiple comparisons test to the Mock:Mock group. A (iii): Histopatho-
logical scores from mock or BA.1 pre-infected 129S1 mice inoculated with mock or

104 PFU of B.1.351 (n = 5, per group). B (i): Mean±SD weight change in K18-hACE2
mice after mock-challenge or challenge with 104 PFU of B.1.351. Statistical analysis:
see A (i). B (ii): Infectious virus titer in lungs of mock or BA.1 or NC99 pre-infected
K18-hACE2 mice inoculated with mock or 104 PFU of B.1.351. Representation and
statistical analysis: seeA (ii).B (iii): Histopathological scores frommock or BA.1 pre-
infected K18-hACE2 mice inoculated with mock or 104 PFU of B.1.351 (n = 5, per
group). C: Heatmap of cytokine/chemokine profile of lung homogenates from
mock, BA.1 or NC99 pre-infectedK18-hACE2 or 129S1mice inoculatedwithmock or
104 PFU of B.1.351. Z-score calculations from average Net-MFI results are repre-
sented. D: EGFR protein quantification from lung homogenates from BA.1 pre-
infected K18-hACE2 (n = 5) or 129S1 (n = 5) mice or mock pre-infected [K18-hACE2
(n = 4) or 129S1 (n = 5)] mice challenged with 104 PFU of B.1.351. Representation: see
A (ii). Statistical analysis: Two-tailedMann–Whitney T-test. Statistical significance is
represented as exact p-value. Source data are provided as a Source Data file.
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The overexpression of Epidermal Growth Factor Receptor (EGFR)
and associated signaling pathways has also been reported to correlate
with severe disease and enhanced fibrosis during SARS-CoV
infection23. To determine whether enhanced EGFR expression levels
were associated with the pathological cases observed in our reinfec-
tion mice models, we analyzed the EGFR protein content in lung
homogenates from B.1.351 re-infected and first-time infected mice. In
both K18-hACE2 and 129S1 mice, reinfection with B.1.351 led to higher
levels of EGFR when compared to mice that were infected in the
absence of prior virus exposure [Fig. 2D].

129S1 and K18-hACE2 mice exhibit similar adaptive immune
responses against BA.1 infection
Next, we investigatedwhether the genetic background could affect the
adaptive immune responses against infection in our experimental
setup. After BA.1 infection, humoral and cellular adaptive responses
were assessed by ELISA and flow cytometry after, respectively. ELISA
results revealed that BA.1 infection elicited comparable antibody
responses against BA.1- and B.1.351- spike protein in both 129S1 and
K18-hACE2 genetic backgrounds [Fig. 3A (i) and (ii); Supplementary
Fig. 2].We thenpostulated thatdifferences inmorbidity andpathology
might be due to the induction of cross-reactive but non-neutralizing
anti-SARS-CoV-2 antibodies in 129S1 mice Therefore, we repeated the
B.1.351 infection experiment in naïve 129S1 or mice after passive
transfer of serum from BA.1 or mock-infected animals [Fig. 1]. Inter-
estingly, passive transfer of anti-BA.1 immune serum into naïve 129S1
mice conferred protection against severe disease [Fig. 3B (i)] after
B.1.351 infection, presenting similar ~1.5 log10 reduction in lungs viral
titers as in BA.1 pre-infected mice [Fig. 3B (ii)].

Then we focused on the T-cell component of the adaptive
immune response. First, we performed a flow cytometry analysis of the
T cell compartment, which revealed that mice from both genetic
backgrounds had similar proportions of SARS-CoV-2 spike-specific
CD8 + T-cells and tissue resident memory CD8+ T-cells (TRMs, CD44+
CD103+ CD69+ tetramer+) in total digested lungs [Fig. 3C (i) and (ii)].
To further establish the role of T-cell mediated adaptive immune
responses in the increased severity of B.1.351 reinfection 129S1 mice,
we performed CD4+/CD8+ T-cell depletion in naïve and BA.1 pre-
challenged mice by injecting T-cell-depleting antibodies 72 h and 24 h
prior to B.1.351 challenge [CD8+T cells were depleted until 4DPI, CD4+
T cells could be detected againby that timepoint, seemethods section
and Supplementary Fig. 2B].When T-cells were depleted in 129S1mice,
BA.1:B.1.351 reinfected animals showed similar lung viral titers to those
of Mock:B.1.351 groups, suggesting a role for T-cells in lung viral con-
trol in 129S1 mice [Fig. 3D]. Additionally, cytokine profiling revealed
that T-cell depletion of BA1:B.1.351mice led to amitigation of the Type
2 cytokine/chemokine profile observed in non-depleted animals, while
relevant Th1 cytokines/chemokines such as TNF-α, RANTES or CXCL-2
remained elevated. Additionally, other proinflammatory IL-2 and IL-6
cytokines presented elevated levels in T-cell depleted BA1:B.1.351
reinfected mice [Fig. 3E]. In all, these results suggest that T-cell adap-
tive responses are correlated with the Type 2 immune skewing
observed in 129S1 mice during reinfection but also play a protective
role in controlling viral titers and inflammation during reinfection,
probably acting against the increased severity observed in immuno-
competent BA1:B.1.351 reinfected 129S1 mice. Therefore, other com-
ponents of the immune response are likely to contribute to the
differential pathology observed between 129S1 and K18-hACE2 mice.

BA.1 challenge leads to a substantial alveolar compartment
remodeling, with CD11c+ cells that react differently during
ex vivo restimulation depending on mouse genetic background
and prior exposure to BA.1 virus
Unresolved inflammation at the alveolar space seems to be the major
driver ofmorbidity anddifferential pathology observed between 129S1

and K18-hACE2 mice. Our lung histological analysis showed that 129S1
mice harbored macrophages with abundant eosinophilic cytoplasm in
the alveolar spaces of the lungs, those been distinct and absent in K18-
hACE2mice [supplementary Fig. 1]. Moreover, exposure to respiratory
viruses can result in remodeling of the lungmyeloid compartment and
priming of the alveolar macrophages to respond differently to new
innate stimuli24–26.

Therefore, we next focused on investigating whether alveolar
macrophages arepivotal to thedistinct immune responses observed in
129S1 and K18-hACE2 mice. To this end, first we characterized the
CD11c+ compartment in BALF by flow cytometry of mice challenged
with BA.1, NC99 or mock-challenged, at an early timepoint after
infection (7 DPI) as well as a later timepoint (30 DPI).

Overall CD11c+ cells were slightly reduced in NC99 challenged
129S1 mice by 7 DPI while they were slightly increased in K18-hACE2
mice at the same timepoint, but nodifferenceswereobservedbetween
the Mock and BA.1 infected groups. Strikingly, at 30 DPI, BA.1-chal-
lenged k18-hACE2 mice presented significantly more CD11c+ cells
when compared to the other two groups, while no significant differ-
ences were found in 129S1 mice [Fig. 4A, B]. FlowSOM and UMAP
analysis of the CD11c+ compartment reveal that the highest expression
of CD11c+ was by alveolar macrophages, that were mostly MHII+, with
some MHCII- alveolar macrophages are also present, particularly in
129S1 mock mice. MHCII+ alveolar macrophages were the most
abundant CD11+ cell subpopulation in mock groups, representing
between 83–93% the cells in 129S1 mice and 60–76% in K18-hACE2.
NC99 infection led to an extreme reduction of MHCII+ alveolar mac-
rophages at 7 DPI in both strains (13.1% in 129S1 and 16.4% in K18-
hACE2) and a strong recruitment of inflammatory monocytes to
replace the macrophages lost. While BA.1 led to some alveolar mac-
rophage loss, thiswas very limited compared toNC99mice. Infiltrating
inflammatory monocytes were more abundant in K18-hACE2 than
129S1 at 7 DPI (16.3% and 9.45%, respectively), a difference that
increased even more by 30 DPI (20.3% and 1.87%, respectively). Other
CD11c+ immune cells, including different subpopulations of dendritic
cells and a third subpopulation of alveolarmacrophages (whichwe call
B220- alveolar macrophages in Fig. 4 as they have lower B220 baseline
expression levels compared to other alveolar macrophage subsets)
revealed less remarkable differences in BA.1 challenged mice, and
increased levels were mainly associated with NC99 challenge
[Fig. 4C–G]. Overall, there is a significant remodeling of the CD11c+
alveolar compartment due to BA.1 or NC99 primary challenge, which
could have an important impact on B.1.351 reinfection or secondary
infection.

As some relevant differences were found in the CD11c+ com-
partment, that were maintained even through 30 DPI, we aimed to
characterize the responsiveness of CD11c+ ex-vivo to different stimuli.
To this end, CD11c+ cells were isolated from the BALF of infectedmice
30 days after exposure to BA.1 [Fig. 1]. Pooled CD11c+ cells were next
stimulated ex vivo with either 104 PFU of live SARS-CoV-2 B.1.351 var-
iant, 10 ng/mL of LPS or mock stimulated. Downstream analysis of
cytokine/chemokine responses fromCD11c+ cells revealed differences
associated to genetic background both at baseline as well as after BA.1
exposure [Fig. 5A].

The levels of TNF-α were high in mock groups of both models,
being almost 2 times higher in 129S1 mice than in K18-hACE2 mice.
These TNF-α levels in both mouse models dropped for mock-
challenged mice when stimulated with the B.1.351 variant, with the
129S1 group showing ~10 times reduction, while K18-hACE2 only show
~2 times reduction. When comparing mock-infected groups to BA.1-
infected groups, TNF-α levels were lower in BA.1-infected mice, with a
~5 times reduction in K18-hACE2 and ~2 times reduction in 129S1
[Fig. 5A, supplementary fig. 5]. The levels of MIP-2αwere also elevated
and were similar in the mock groups of both models (~1500pg/mL),
however only in 129S1 these levels dropped ~5-fold when stimulated
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with B.1.351 variant [supplementary data]. Conversely, in BA.1infected
groups, the level of MIP-2α was lower in the K18-hACE2 group com-
pared to the K18-hACE2 mock infected group as well as the 129S1 BA.1
infected group [Fig. 4A, Supplementary Fig. 5]. Surprisingly, we
observed that IFN-γ, IL-17A, IL-22 was only induced by LPS stimulation
in BA.1 infected K18-hACE2. IL-13 and IL-18 were high in 129S1 mock
group and were upregulated in the BA.1 infected group. However,
these levels were reduced with B.1.351 stimulation, whereas LPS

boosted production in all groups. BA.1 infected 129S1 CD11c+ BALF
cells also showed higher levels of Eotaxin when compared to other
groups [Fig. 5A, Supplementary Data].

Transcriptome profiling of CD11c+ cells from BALFs also revealed
differential gene expression between both mouse strains. Gene
enrichment analysis assigned cell subsets from both BA.1 infected
mouse strains as M1 macrophages. Other 129S1 cell subets were clas-
sifiedmore similar to RAW264 andosteoblastswhereas cells fromK18-

Fig. 3 | Differences in adaptive immune responses upon BA.1 infection do not
explain differences in re-infection outcomes. A Line graph showing ELISA results
in transformed Log2 fold dilutions (x-axis) of 30 DPI serum from K18-hACE2 (n = 4)
and 129S1 (n = 5) versusmean ±SDOD values at 450nm (y-axis) against B.1.351 spike
(i) or BA.1 spike (ii) protein.B (i): Mean ±SDweight change in 129S1mice inoculated
with 104 PFU of B.1.351 after passive immunization with either mock (n = 5) or ant-
BA.1 serum (n = 5). B (ii): Infectious virus titers in lungs from passive immunized
129S1 mice with either mock (n = 5) or ant-BA.1 serum (n = 5) 4 DPI after B.1.351
inoculation. Representation: Box-plot with median as center, 25th to 75th
percentile-bound box and whiskers representing maximum and minimum values.
Statistical analysis: Two-tailed Mann–Whitney T-test. C (i): Spike-specific T-cells as
percentage (mean±SD) of total T cells in murine lungs at 30 DPI after BA.1 or mock

challenge (129S1 mice n = 4 per group, K18-hACE2 mice n = 3 per group). C (ii):
Spike-specific tissue resident memory T-cells as percentage (mean±SD) of total
T cells inmurine lungs at 30 DPI after BA.1 ormock challenge (129S1mice n = 4 per
group, K18-hACE2 mice n = 3 per group). D: B.1.351 lung viral titers 4 DPI in 129S1
mice pre-exposed or not to BA.1, either T-cell depleted or immunocompetent
(n = 5, per group). Representation: see B(ii), E Heatmap graph of cytokine/chemo-
kine profile of lung homogenates frommock or BA.1 pre-infected 129S1mice, either
T-cell depleted ornot, inoculatedwith either 104 PFUof B.1.351. Z-score calculations
from Net-MFI results are represented in the heatmap (n = 5, per group).
Mann–Whitney t-test was used to determine statistical significance of the results,
where exact p-values are presented. Source data are provided as a Source Data file.
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hACE2 showed more similarity to CD8+ T-cells and B220+ B-cells
[Supplementary Fig. 6]. GO (Gene ontology analysis) for biological
processes also showed contrasting results between both mouse
strains, where cells from K18-hACE2 showed positive regulation of the
immune response, and 129S1 cells showed negative regulation of the
immune response (Supplementary Fig. 6).

Even without infection, CD11c+ cells from K18-hACE2 and 129S1
presented markedly different gene expression profiles. While some
relevant genes including Irf3, Sting1, Mavs, Cwc15, RigI, Tlr7, Tlr8, Cd2,
Mif, Iho1, Sod1, Tuba1c or Zfas1 had similar levels in cells from both
mouse strains; several relevant genes were highly expressed in CD11c+
cells from K18-hACE2 mice, but not in 129S1 mice (for example Alcam,
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Ccl4, Wdr83, Bpifa1, Cd44, Lima1, Xbp1 or Cd74) or viceversa (for
example Lyz2, Ccl6, Ly6e, Cxcr4, Tnf, Lrrfip2, Btg1, Ly9a, Cd52, Bcl2a1a,
Cxcr4, Cd22, Tnfrsf1a orCxcl16) [Fig. 5B]. The expression of these genes
and many others was greatly altered in CD11c+ cells obtained from
BA.1-challenged mice. Infection with BA.1 led to the upregulation of
over 6500 genes and downregulation of 4600 genes in K18-hACE2
mice and over 3900 were upregulated and 4900 downregulated in
129S1 mice (differentially expressed genes with a log2(Fold change)>|
1|). Among the top 100 genes most upregulated by BA.1 in K18-hACE2
CD11c+ cells, the most abundant were genes involved in the recruit-
ment, activation and reprogramming of macrophages, including Lyz2,
Ccl6, Cyba, H2-Aa, Cd68, Ucp2. Genes involved in other immunological
processes and signaling pathways could also be found, such as Ear2,
which is involved in immunological tolerance; genes related to the NF-
kappa-B signaling pathway, like Ubb, Ear1; wound healing and repair,
including Plet1or genes involved in type I interferon antiviral response,
including Vamp8. On the other hand, the top 50 genes more upregu-
lated by BA.1 in 129S1 CD11c+ cells involved a distinct set of pathways
from K18-hACE2 cells, including genes involved in inflammatory
responses, such as Chil4 or Rnase2a; antibacterial genes, including
Lyz1; genes regulating chromatin accessibility including H3f3c and
Bicral, chemotactic genes for eosinophils and T-cells like Ccl24, theM2
macrophage marker Arg1 [Fig. 5B]. While this analysis provided inter-
esting information, the expression of most of these genes was upre-
gulated in cells frombothmice strains.More revealingwas the analysis
of genes highly upregulated due to BA.1 infection in cells from one
mouse strain, that were downregulated in cells from the other.
Focusing on macrophage-related genes, cd68, a pan-macrophage
marker that has been shown to be upregulated in M1 macrophages
when compared to M2, was upregulated in cells from K18-hACE2 mice
and downregulated in the ones from 129S1 mice, while Arg1 had the
opposite profile: highly upregulated in 129S1 mice while down-
regulated in K18-hACE2. This gene profile highlights the differential
polarization of macrophages in response to BA.1 in the two mouse
strains: M1 inK18-hACE2 and M2 in 129S1. Other highly upregulated
genes in K18-hACE2 mice include T-cell marker cd52 or monocyte-
activation marker Cd300c. On the other hand, genes highly upregu-
lated in 129S1 mice and downregulated in K18-hACE2 mice included
eosinophil-related genes such as the chemoattractant Ccl24 or the
eosinophil produced Rnase2. This set of genes also included histone
and DNA-accessibility related genes, such as Bicral, H2ac13, H2ac7 and
H2bc24 [Fig. 5C]. These gene signatures suggest epigenetic changes
after virus infection that have been suggested to be associated with
virus-induced trained immunity. The complete list of Top 100 upre-
gulated and downregulated genes in both strains can be found in the
source data associated with Fig. 5.

In conclusion, different transcriptomic and cytokine responses
areobserved inCD11c+ alveolar cells upon restimulationdepending on
mouse genetic background and prior virus exposure. Our work
describes amethod to explore genetic drivers of protection or disease
during SARS-CoV-2 infection in the context of reinfection and sec-
ondary infection.

Discussion
Rapid evolution of SARS-CoV-2 into antigenically different variants
poses a greater risk of reinfection with new variants. The disease
severity during reinfection depends on several factors such as anti-
genic distance of the variants, age, sex, comorbidities, and risk of high
exposure1. Here, we used female K18-hACE2 and 129S1 mice, two
mouse strains that we have previously shown to be suitable for SARS-
CoV-2 studies, to evaluate the protection and immune response after
reinfection with a severe variant19. As a comparison, we also evaluate
the immune response to a severe SARS-CoV-2 variant as a secondary
infection after a primary infection with H1N1, an unrelated respiratory
virus that can also cause severe disease. Some reports also correlate
prior influenza infection with severe COVID-19 outcomes in humans,
but mechanistic insights are still lacking6.

129S1 and K18-hACE2 strains have several differences between
quantitative trait loci (QTLs) which can result in different phenotypes
under certain conditions27–30. 129S1 mice are known to display more
airway responsiveness, more airway cellular infiltration and high IL-4
levels after inhaled ovalbumin compared to the C57BL/6J strain which
is of a similar genetic background to the K18-hACE2mice31. 129S1 mice
also have been shown to express higher levels of guanylate binding
proteins (GBPs) compared to C57BL/6J when stimulated with different
antigens32. In humans and mice, GBPs promote inflammation and
restrict the replication of intracellular pathogens32–35. One of the main
differences between the two strains is that K18-hACE2 can be infected
with any SARS-CoV2 variant, 129S1 can only be efficiently infected with
variants having mutations associated with mouse-adaption like the
N501Y mutation in spike (S) protein, which is also required for infec-
tion in wild type mice. Keeping this in mind, we use BA.1 and B.1.351
variants, both of which harbor the N501Y mutation in the S-protein19.
Both variants are also antigenically different with only 93.30% simi-
larity in the receptor binding domain (RBD) of the S-protein36. We
hypothesized that prior BA.1 infectionwouldbemild and induce cross-
reactive immune responses that are protective during reinfection with
a more virulent and antigenically drifted SARS-CoV-2 virus (B.1.351).
Although B.1.351 reinfection after BA.1 exposure may not occur in real
life, as the B.1.351 circulated in the human population before the
appearance of the SARS-CoV-2 omicron lineage that includes BA.1, we
chose to continue with this experimental setup to provide proof of
principle that a mild infection (BA.1) followed by a severe infection
(B.1.351) may have different outcomes based on genetic background18.

Results highlighted that BA.1 infection was able to reduce the viral
load during reinfection in bothmouse strains, however, themorbidity,
cytokine profile, and histopathology scoring upon reinfection were
different based on genetic background. In K18-hACE2, prior BA.1
infection provided protection againstmorbidity and a cytokine profile
that reflects milder disease severity. Whereas in 129S1, prior BA.1
infection exacerbated the outcome, with a cytokine profile that is
somewhat similar to what is described for severeCOVID-19 infection in
humans with enhanced levels of IL-10, IL-18 and IFN-γ suggesting
dysregulation of cytokines after BA.1 infection37–42. Strikingly, prior
NC99 infection, led to opposite results upon secondary infection with

Fig. 4 | CD11c+ alveolar compartment is extensively remodeled after BA.1 and
NC99 infection. Early (7 DPI) and late (30 DPI) timepoints after NC99 or BA.1
infection reveal profound changes in the CD11c+ subpopulations of BALF. A Total
number of CD11c+ cells (mean ± SD) in BALF collected from 129S1 mice 7- and 30-
days post infection with Mock (n = 5 per timepoint), NC99 (n = 5 at 7DPI, n = 4 at
30DPI) or BA.1 (n = 5 per timepoint).B Total number of CD11c+ cells (mean± SD) in
BALF collected from K18-hACE2 mice 7DPI and 30 DPI with Mock (n = 5 per time-
point), NC99 (n = 5 per timepoint) or BA.1 (n = 5 at 7DPI, n = 30 at 30DPI). Statistical
analysis by ordinary one-way ANOVA with Dunnett’s multiple comparison.
C–G Dimensionality reduction analysis performed by Uniform Manifold Approx-
imation and Projection with a Nearest-Neighbours clustering algorithm combined
with FlowSOM cluster visualization algorithm. Data frommice in the sample group

was combined and randomely downsampled to a total of 10.000 events per group
prior to the analysis dimensionality reduction analysis.C Expression levels of CD11c
+. Higher expression levels indicated by red colors; lower expression levels indi-
cated by green colors. D CD11c+ subpopulation clusters in BALF collected from
129S1 animals either mock-, NC99- or BA.1-challenged, 7 or 30 DPI. E CD11c+ sub-
population clusters in BALF collected fromK18-hACE2 animals eithermock-, NC99-
or BA.1-challenged, 7 or 30 DPI. F Heatmap of the expression of CD3, Ly6G, Ly6C,
CD11b, B220, SiglecF, MHCII and CD11c markers in the different populations.
G Stack bar plot with the frequencies of the different CD11c+ populations in 129S1
and K18-hACE2 mice, depending on the infection and the day of collection of the
BALF. Experiments were performed with 5 or 4 mice per group and per timepoint.
Source data are provided as a Source Data file.
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B.1.351, with 129S1 mice being more protected than K18-hACE2. In the
case of influenza infection, it is well established that susceptibility of
different substrains of 129 mice is significantly higher compared to
C57/BL643, which could have aneffect in the phenotype observedupon
SARS-CoV-2 reinfection.

Lung pathologywas assessed at 4DPI, which is expected to be too
early for peak pathology. This is a limitation of this study since the

difference in lung pathology at a later time point can be due to dif-
ferent degrees of repair after lung tissue injury upon infection, which
can vary due to genetic background differences as well. Whereas
controlled series of immune events can reduce lung injury and
pathology, dysfunctional immune events can lead to fibrosis and
scarring resulting in reduced lung function and hence quality of life23.
The persistent damage from infectious viruses such as SARS-CoV and
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kine profile of CD11c+ BALF cells either stimulated with mock media (1X RPMI,
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hepatitis C virus can lead to dysfunctional EGFR levels thus leading to
more fibrosis and Type II alveolar cell hyperplasia23. B.1.351 infection
promoted alveolar fibrosis in 129S1 only, which was reduced in mice
with prior BA.1 infection. However, EGFR levels in both mouse strains
were similar. Interestingly, the B.1.351 reinfected mice from both
genetic backgrounds showed higher EFGR levels compared to first-
time infected, which was not reflected in the pathological analysis for
fibrosis. As reported in humans for some viruses like respiratory syn-
cytial virus, and a problem in the vaccination field, cross-reactive
antibodies with low neutralization capacity can increase the risk of
severedisease andevendeath44. This seemsunlikely inourmodel since
we performed a passive immunization experiment where we obtained
similar antibody titers in both strains and passive immunization pro-
tects the 129S1 mice, rather than exacerbate disease. T-cells can con-
tribute to immunopathology by causing cellular damage while
targeting infected cells, but this is also typically associated with viral
load reduction45. Alternatively, reduced T-cell numbers can result in
less effective viral clearance46. Nevertheless, the percentage of virus-
induced T-cells were similar in bothmousemodels, and viral reduction
was seen in BA.1-exposedmice in bothmouse strains. Moreover, T-cell
depletion studies in 129S1 resulted in loss of viral titer reduction in
without significant differences in morbidity, further confirming that
severity of reinfection was not dependent on lung viral load. This
suggests that the distinct outcomes upon reinfection are not because
of differences in B- or T-cell responses.

Similarly to the adaptive immune response, the innate immune
response can become more responsive after the first infection which
involves epigenetic and metabolic alterations after the first infection/
insult, referred as ‘trained immunity’47. With well-guided trained
immunity, responses to a second, antigenically similar or different,
infection can be protective, whereas with misguided, maladaptive
training, responses can be deleterious47. To date, trained immunity has
been associated primarily to monocyte/macrophage epigenetic and
metabolic reprogramming48. Other respiratory viruses than SARS-CoV-
2, like influenza virus, can cause extensive remodeling of themonocyte
and macrophage lung compartment. Therefore, altered responsive-
ness to reinfection at the tissue level can also be due to alveolar
macrophages of embryonic origin being replaced by infiltrating
monocytes that became lung resident. Murine alveolar macrophages
reprogrammed or replaced by infiltrating monocytes after sublethal
influenza infection present altered cytokine and chemokine responses
upon subsequent restimulation with LPS49. We hypothesized that a
similarmechanismcould be causing the differences in B.1.351 infection
severity we observed in pre-infected animals.

To determine whether the difference is due to differences in lung
remodeling of the innate immune cells, we first characterized the
CD11c+ cells in BALF after BA.1 infection.WedemonstratedmostCD11c
+ cells (between 70–90%) were mainly alveolar macrophages in both
mouse strains. During histological comparison of lungs at baseline (no
infection), mouse strain differences could already be observed. 129S1
mice had macrophages with abundant eosinophilic cytoplasm and a
higher baseline inflammation compared to K18-hACE2mice. Abundant
eosinophilic cytoplasm of macrophages can be due to eosinophil
efferocytosis, which may also have skewed the immune response to
Th2 type50–53. Alveolarmacrophage death and inflammatorymonocyte
infiltration caused by BA.1 was not as extensive in either of the mouse
strains as the one caused by NC99 infection. Still, remodeling of the
CD11c+ compartment was sustained until 30 DPI in BA.1 infectedmice,
particularly in K18-hACE2 mice, which are the ones protected upon
B.1.351 reinfection. Then we enriched CD11c+ cells from the BALF of
mock or BA.1 infected mice for ex vivo LPS restimulation. We and
others have also observed that prior infection can result in lung
remodeling, whereby embryonic alveolar macrophages in the lung are
(partially) replaced by infiltrating bone marrow-derived monocytes
that upregulate alveolar macrophage markers (CD11c, SiglecF) and

become lung resident25. As such, these recruitedmyeloid cells can also
contribute to altered responses to stimuli during reinfection or ex vivo
restimulation. Finally, CD11c in the mouse lung is also expressed by
dendritic cells and to some extent by other (lymphoid) cell types.
Therefore, isolation of CD11c+ cells from the BALF results in a pool of
cells that is rather heterogenous, especially when mice have been
exposed before to BA.1 virus. The cytokine/chemokine profile of CD11c
+ cells from BA.1-exposed mice revealed that BA.1 infection is mod-
ulating the cells differently in both strains, where K18-hACE2mice cells
exhibit a more protective Type 1-like response, while 129S1 cells
showed the inflammatory Type 2 response. The CD11c+ cells from the
BA.1 pre-infected 129S1 showed persistent production of IL-13 even
withmock stimulation, which peaked with LPS stimulation. IL-13 levels
were higher in in-vivo B.1.351 infected 129S1 as well.

Persistent levels of IL-13 can cause eosinophilic inflammatory
responses resulting in lymphoid hyperplasia, airway fibrosis, and IL-5
and eotaxin production54–56. Our histology data showed a similar pat-
tern, havingmore lymphoid hyperplasia in 129S1 compared to the K18-
hACE2. The RNAseq also confirmed the up-regulation of Mmp12
(matrix metalloproteinases 12, MMP12) and Retnla (resistin-like α,
RELMα) gene which can be up-regulated by IL-4 and IL-13. After
infection, the macrophage-producedMMP12 protein can suppress the
expression of the MMP2, MMP9 and MMP13 collagenolytic proteins
which results in diminishing matrix degradation, hence amplified
fibrotic responses57. The transcriptomic analysis further supported the
hypothesis that myeloid compartments are affected by prior BA.1
infection and are different in both mouse strains. RELMα secreted
from activated macrophages plays a critical role in modulating type 2
cytokine production56–58. CD11c+ cells from BA.1 infected 129S1 mice
upregulated expresion of Arg1 (Arginase 1), while the ones from K18-
hACE2 downregulated the expression of this gene after BA.1 challenge.
Arginase 1, which is a marker of M2 (immunosuppressive) macro-
phages, can also be upregulated by IL-4 and IL-13, and is critical for cell
proliferation and collagen synthesis54,55. Interestingly, CD11c+ cells
from K18-hACE2 mice upregulate Cd68 (CD68 molecule) after BA.1
challenge, while cells from 129S1 downregulate it. While CD68 is not
specific to M1 macrophages, it has been shown to have upregulated
expression in M1 macrophages59.

BA.1 preinfected 129S1 also showed higher levels of IL-10, which is
typically classified as an immunosuppressive and anti-inflammatory
cytokine. However, there are several studies where IL-10 enhances the
immune cell proliferation and activation resulting in production of
pro-inflammatory cytokines60–63. Overexpression of IL-10 alongside
with persistent IL-13 expression augments airway fibrosis, mucus
metaplasia, and tissue inflammation64.

IFN-γ levels upon B.1.351 infection were high in BA.1 pre-infected
129S1, however this was opposite in the CD11c+ cell restimulation
experiment, where IFN-γ was only produced in LPS stimulated BA.1
pre-infected K18-hACE2 CD11c+ cells suggesting BA.1 modulated IFN-γ
gene expression in K18-hACE2 differently. Even though IFN-γ is a
proinflammatory cytokine, it can inhibit IL-13’s inflammatory response
and eotaxin, and protect against immunopathology which can be
helpful during reinfection65,66. The higher IFN-γ level in lung homo-
genates after B.1.351 infection of BA.1 pre-infected 129S1 can be
explained by persistent IL-18 expression by CD11c+ cells after BA.1
infection in conjunctionwith IL-10 production during B.1.351 infection,
as both these cytokines induce IFN-γ production in T-cells and Natural
killer (NK) cells67. B.1.351 infection in 129S1 also induced significant
amounts of another pro-inflammatory cytokine, TNF-α. CD11c+ cells
from both strains produced some level of TNF-α even without any
stimulation, with 129S1 mice producing more. This is also evident in
the transcriptome profile, where 129S1 expressed more Tnf gene
copies than hACE2-K18. The higher production of TNF-α is further
evidenced by higher counts of Tnfaip2 gene (TNF-α induced protein 2)
compared to the K18-hACE2. However, the level of TNF-α dropped in
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B.1.351 stimulated as well as BA.1 exposed CD11c+ cells. This reduction
was also observed in the transcriptome profile of 129S1, where Tnfaip2
gene expression was downregulated. Several intracellular pathogens
can downregulate TNF-α production by macrophages, which can lead
to an immunosuppressive condition that favors the replication of
intracellular pathogens68,69.

CD11c+ cells from BA.1 infected K18-hACE2 also produce high
levels of IL-17 and IL-22 during LPS restimulation, with little or no
change during in vivo B.1.351 infection. Both IL-17 and IL-22 play a
significant roles in maintaining mucosal immunity via neutrophil
recruitment to the infection site, up-production of antimicrobial pro-
teins, and repair of the mucosal epithelial cell layer70.

The differences and similarities between the CD11c+ cells from
BA.1 exposed mice from different genetic backgrounds were also
observed in the gene expression data. CD11c+ cells were classified as
M-1macrophages after gene enrichment classification. However, while
genetic profiles from 129S1 CD11c+ cells are like those of other innate
immune cells such as osteoclasts,microglia, and RAWcells, K18-hACE2
cellular transcriptomes were more indicative of adaptive immune
response components such as follicular B-cells, b220+ B-cells and
CD8+ T-cells. Of note, no gene counts for surface markers CD3e, CD4,
CD8a, CD16were found in any sample and themajority of B and T cells
would have been removed by positive selection of CD11c+ cells, unless
they would express (low levels of) CD11c.

Our findings support the previous finding that alveolar macro-
phages can be considered as a source of the “primary and altered
cytokine” storm inducedby SARS-CoV-2 infection46,71. Ourfindings also
show that different genetic backgrounds affect the immune pheno-
type of virus-exposed innate immune cells, which may either be ben-
eficial or deleterious during re- or secondary infection, and provides a
starting point to explore underlying genetic differences that can affect
the host response to secondary SARS-CoV-2 infection in mouse
models.

Methods
Cells and viruses
Vero-TMPRSS2 cells (BPS Bioscience, Cat# 78081) were cultured at
37 °C in 1X DMEM (Dulbecco’s modified Eagle medium) supplemented
with 10% FBS (fetal bovine serum), 100U/mL penicillin-streptomycin
and 5μg/ml puromycin. hCoV-19/USA/NY-MSHSPSP-PV44476/2021
(GISAID: EPI_ISL_7908052) B.1.1.529 (Omicron, BA.1) and hCoV-19/USA/
MD-HP01542/2021 JHU (Beta, B.1.351, a kind gift from Dr. Andrew
Pekosz) cultured and tittered in Vero-TMPRSS2 cells followed by next-
generation sequencing to confirm the stability of the variant specific
mutations and the absence of undesired mutations.150 (plaque
forming units) PFU of the H1N1 virus (NC99, A/New Caledonia/20/99)
were injected into the allantoic fluid of 8-days old embryonated
chicken eggs and was incubated for 48 h at 37 °C followed by an
overnight incubation at 4 °C. The allantoic fluid, containing the virus,
was carefully collected, briefly centrifuged, aliquoted, titrated and
stored at −80 °C.

Animal experiments
All animal experiments were approved by the Institutional Biosafety
committee and by the Institutional Animal Care and Use Committee at
Icahn School of Medicine at Mount Sinai (ISMMS)
(PROTO202100007). All SARS-CoV-2 virus experiments were per-
formed in a biosafety level 3 facility at the ISMMS.

Heterozygous K18-hACE2 C57BL/6J (strain 2B6.Cg-Tg(K18-ACE2)
2Prlmn/J) and 129S1 (strain 129S1/SvImJ) female mice were procured
from The Jackson Laboratory. The mice were housed in an animal
vivarium at ISMMS with a 12-hour light-dark cycle and fed standard
chowdiet.Micewere transferred to the Animal biosafety level 3 facility
oneweek prior to any virus inoculation experiments. In a first infection
experiment, 3-month-old female K18-hACE2 and 129S1 mice were

anaesthetized with an intraperitoneal (IP) injection of a Ketamine/
Xylazine cocktail and intranasally (IN) inoculated with either 104 PFU
(plaque forming unit) of B.1.1.529 (BA.1), 102 PFU of H1N1 virus (NC99)
or mock media (PBS) in 50 µL. At 7 and 30 days post infection (DPI),
serum samples, BALF or whole lungs were collected from mice
inoculated IN with either BA.1, NC99 or mock For the reinfection or
secondary infection, the remaining mice were inoculated (IN) with 104

PFU of B.1.351 or mockmedia 31 days after the first infection, resulting
into 4 groups: Mock: Mock (1st infectionmock and 2nd infectionmock),
Mock: B.1.351 (1st infectionmock and 2nd infection B.1.351), BA.1: B.1.351
(1st infection BA.1 and 2nd infection B.1.351), and NC99: B.1.351. 4 days
after the second infection all mice were euthanized by lethal pento-
barbital IP injection (Fig. 1).

T-cell depletion experiments were carried out withMock and BA.1
challenged mice that were infected at 30 days post infection with
B.1.351, as described above. In theseexperiments, 72 h and24 hprior to
the B.1.351 reinfection, CD4+ and CD8+ T-cells were depleted in half of
the animals via intraperitoneal injection of 500 µg of CD4 (clone YTS
177, BioXCell) and 250 µg of CD8 (clone 53-5.8, BioXCell) depleting
antibodies diluted in PBS to a final volume of 200 µl. After B.1.351, all
experiments were performed as described above. Efficiency of T cell
depletion was tested at 4 DPI using blood to stain for CD4+ and CD8+
T cells (Supplementary Fig. 2B). A T cell population (CD3+)waspresent
at 4 DPI which stained with lower mean fluorenscence intensity com-
pared to theoriginalCD4+T cell population. This suggests thatCD4+T
cell depletion was not as successful as CD8+ T cell depletion or the
CD4+ T cell levels were going up already after being depleted.

For passive immunization, five 3-months-old female 129S1 mice
were IP injected (150μl/mouse) with sera collected either from mock
or BA.1 infected 129S1 mice from the first infection. After 12hrs, mice
were IN inoculated with 104 PFU of B.1.351 under Ketamine/Xylazine
cocktail anesthesia. At 4 DPI all mice were euthanized by lethal pen-
tobarbital IP injection [Fig. 1].

In experimentswhere lungswere collected, the cranial andmiddle
lobes of the right lung from mice were collected and homogenized in
500μLof Phosphate Buffered Saline (PBS) andused for lung viral titers
and cytokine profiling, whereas left lobe of the lungs was perfused and
stored with 10% neutral buffered formalin for histology.

Humoral immune response against BA.1 or B.1.351 spike protein
ELISA against BA.1 or B.1.351 spike was performed on serum collected
at 30 DPI. Nunc maxisorp 96-plates were coated with 0.1 µg/well (in
50 ul) of BA.1 (Sino Biologicals) or B.1.351 spike protein (Sino Biologi-
cals) and incubated overnight at 4 °C using PBS as coating buffer. The
next day, plates were washed three times with PBS-Tween20 (0.1%)
(PBST) and blocked for 2 h with 2% BSA in PBST at room temperature,
followed by three washes with PBST. 100 µl of three-fold diluted serum
staring from 1:10 were added into the wells and incubated for 2hrs at
room temperatureon a shaker. After threewasheswith PBST, 100 µLof
anti-mouse IgG HRP (Horse Radish Peroxidase) secondary antibodies
were added in to thewell and incubated for 1 h at room temperature on
a shaker. Plates were washed three times with PBST, and a peroxidase
reaction was catalyzed using 1-Step™ TMB (tetramethyl benzidine)
ELISA Substrate Solutions (ThermoFisher Scientific) and incubated for
15min at room temperature in the dark. Finally, the reaction was
stopped by adding 50μl/well of ELISA Stop Solution (ThermoFisher
Scientific). The optical density (OD) readings at 450nmwere obtained
using a spectrophotometer.

Flow cytometry
For T-cell analysis, whole lungs collected at 30 DPI were dissociated
into a single cell suspension using gentleMACS™ Octo Dissociator
(Miltenyi Biotec) and Mouse Lung Dissociation Kit, mouse (Miltenyi
Biotec) as per manufacturer’s instructions. The single cell suspension
was then treatedwith eBioscience™ 1XRBC Lysis Buffer (ThermoFisher
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Scientific) to remove erythrocytes. The treated cells were then washed
twice with PBS and resuspended in eBioscience™ Flow Cytometry
Staining Buffer (ThermoFisher Scientific) containing 1:50Mouse BD Fc
Block™ (BD biosciences) antibody and incubated at room temperature
for 15min, followedby staining for viability-e780 (FixableViabilityDye,
eBioscience) and with 1μL of each antibody: anti-CD3-FITC (Clone 145-
2C11, BDBioscience), CD8a-PerCP (Clone 53-6.7, BDBioscience), CD44-
PE-CF549 (Clone IM7, BD Bioscience), CD69-PE-Cy7 (H1.2F3, BioLe-
gend), CD103-APC antibodies (CloneM290, BDbiosciences) and SARS-
CoV-2 spike tetramer (VNFNFNGL-PE, NIH core tetramer) for 15min at
room temperature in the dark. The cells were washed twice with
eBioscience™ Flow Cytometry Staining Buffer (ThermoFisher Scien-
tific) and fixed by adding 10% formaldehyde (5% final concentration in
staining buffer) and incubating for 48 h at 4 °C. Fixed cells were
washed twice with staining buffer and filtered through a 100μm cell
strainer (Falcon) to remove clumped cells. Filtered single cell suspen-
sions were then analyzed using the Gallios Flow Cytometer (Beckman
Coulter) and FlowJo software. A representative gating scheme is pro-
vided as Supplementary Fig. 3.

To confirm successful of T-cell depletion, 200μL of blood was
collected by terminal bleeding 4 days after the B.1.351 challenge into
tubes containing 50μL of EDTA 0.5M (Invitrogen). RBC lysis, washes
and Fc Block were performed as described above. Staining was per-
formed with viability stain-eFluor520 (Fixable Viability Dye,
eBioscience) and 1 μL of each antibody: anti-CD3-BV480 (Clone 145-
2C11, BD Bioscience), CD4-BV750 (Clone RM4-5, BD Bioscience) and
CD8a-BB700 (Clone 53-6.7, BD Bioscience) antibodies and incubated
for 30mins at 4 °C. Cells were then fixed as described above and pre-
pared for analysis in the cytometer. Analysis was performed in a using
spectral flow Cytometer (Northern Lights, Cytek) and subsequent ana-
lysis and representation was performedwith FlowJo software.We could
confirm complete CD8+ T cell depletion until 4 DPI, the end of the
experiment. At this time point, a population of CD4+ T cells started to
reappear, be it with lowermean fluorescence intensity staining than the
original CD4+ T cell population (Supplementary Fig. 2B).

Characterization of the CD11c+ alveolar compartment was per-
formed using bronchoalveolar lavage fluid obtained from mice 7 and
30 DPI. A total of 1.2mL of cold PBS-EDTA was used for the lavage,
performed in two separate 600μl lavages. RBC lysis, washes and Fc
Block were performed as described above. Staining was performed
with 0.5μL of viability dye-eFluor520 ((Fixable Viability Dye,
eBioscience), 1μL of anti-CD45-PE-CF594 (Clone 30F-11, BD Bios-
ciences), 1μL of CD3-AF532 (Clone 17A2, eBioscience) 0.5μL of CD11b-
BV570 (Clone M1/70, BioLegend), 1.25μL Ly6C-BV510 (Clone HK1.4,
BioLegend), 1μL of CD11c-eFluor450 (CloneN418, eBioscience), 1μL of
Ly6G-BV450 (Clone 1A8-Ly6g, eBioscience), 0.5μL of MHCII-PerCP
(Clone M5/114.15.2, BioLegend), 2μL of B220-BV605 (Clone RA3-6B2,
BioLegend) and 1μLof SiglecF-BV786 (Clone E50-2440, BDbioscience)
antibodies and incubated for 30min at 4 °C. Cells were then fixed as
described above and prepared for analysis in the cytometer. Analysis
was performed using spectral flow cytometry (Northern Lights, Cytek)
and subsequent analysis and representation was performed with
FlowJo software (v10.0.0), using the Downsample (v3.3.1), FlowSOM
(v4.1.0) and UMAP_R (v4.0.4) plugins. A representative gating scheme
is provided in Supplementary Fig. 4.

BALF CD11c+ cell analysis
CD11c+ cells were enriched from all groups (n = 5/group) at 30 DPI
using CD11c MicroBeads UltraPure (Miltenyi Biotec) as per manu-
facturer’s instructions. The pooled enriched cells were washed twice
with cold RPMI-1640 medium containing 1X penicillin-streptomycin
cocktail (Corning). Washed cells were plated in flat-bottom tissue
culture 96-well plate (Falcon) at 200,000 cells/well. The cells were
stimulated either with RPMImediumorwith LPS (10 ng/ml) or with 104

PFU of B.1.351 SARS-CoV-2 live virus for 48hrs. After 48hrs, cell

supernatants were collected, UV-inactivated, and used for cytokine
profiling by Luminex multiplex ELISA.

Determination of viral titers in lungs
The cranial and middle lobes of the right lung lobes from both 129S1
and K18-hACE2 mice (mock: mock or mock: B.1.351 or BA.1: B.1.351
infected) were collected at 4 DPI and homogenized in sterile PBS.
Homogenized lungs samples were cleared by centrifugation at 5000 g
for 5min at 4 °C and subjected to plaque assays11. Briefly, twelve-well
tissue culture plates were seeded with 1 × 10 Vero-TMPRSS2 cells per
well. The following day, medium was removed and inoculated with
200μL of cleared lunghomogenates serially diluted PBS. After 1 hr, the
inoculum was removed and replaced with 1% Oxoid™ Purified Agar
(ThermoFisher Scientific) in 1xDMEM+2% FBS overlay. Plates were
incubated for 72 h at 37 °C supplemented with 5% CO2, and then fixed
with 5% paraformaldehyde (final concentration) in PBS overnight at
4 °C. The 5% paraformaldehyde and agar overlay were carefully
removed, and plates were washed once with PBST. Plates were
immuno-stained using 1:1000 anti-SARS-CoV-2-N monoclonal anti-
body (1C7C7) on a shaker at room temperature for 1 h followed by
1:5000 anti-mouse IgG HRP-conjugated antibody (ThermoFisher Sci-
entific) incubated at room temperature for 1 h. The peroxidase reac-
tionwas catalyzed usingKPLTrueBlue Peroxidase Substrate (Seracare)
for 15min at room temperature and washed with tap water. The
immuno-stained plaques were counted, and titers were calculated and
represented as PFU/mL.

Cytokines and chemokines multiplex analysis
The cranial and middle lobes of the right lungs from both 129S1 and
K18-hACE2 mice K18-hACE2 mice (mock: mock or mock: B.1.351 or
BA.1:B.1.351 infected) were collected at 4 DPI, homogenized. Homo-
genized lungs samples were centrifuged at 5000 × g for 5min at 4 °C
and transferred into clear- U-bottom 96-well plate (Falcon). Samples
were inactivated with ultraviolent (UV-C) light for 15mins on ice.
Inactivated samples were then used to profile cytokine and chemokine
levels using a mouse 26-plex, bead-based Luminex assay (catalogue
number EPXR260-26088-901). The assay was performed according to
the manufacturer’s instructions, and all incubation steps occurred on
an orbital shaker set at 300 rpm. Briefly, 50μL of clarified lung
homogenate supernatant was combined with beads in a lidded, black
96-well plate supplied as part of the kit and incubated for 30min at
room temperature, and then overnight at 4 °C. The next day, the plate
was allowed to equilibrate to room temperature for 30min, washed 3
times with 150μL per well of 1× wash buffer, and then 25μL per well of
1× detection antibody mixture was added for 30min at room tem-
perature. The plate was washed 3 times, and then 50μL per well of 1×
Streptavidin–PE solution was added for 30min at room temperature.
Afterwashing 3 times, 120μL perwell of reading bufferwas added, and
the plate was incubated for 5min at room temperature. Data were
acquired on a Luminex 100/200 analyzer (Millipore) with xPONENT
software (version 4.3) and analyzed using GraphPad Prism (version
10.0) and R (version 4.0.5).

Pathology
The left lobe of the lungs was perfused and fixed in 10% formaldehyde
in PBS. After 4 weeks, 10% formaldehyde was replaced with 1X PBS and
shipped to Wyoming State Veterinary Laboratory (Laramie, WY) for
tissue processing and histology examination. The H&E-stained slides
were blindly scored by a Board-Certified Veterinary Pathologist. Lung
tissue sections were scored as per Table 1.

Long read transcriptome profiling
Thepooled enriched cellswere also used for transcriptomeprofilingof
CD11c+ cells. The RNA from enriched cells was isolated using Trizol,
and mRNA was enriched using Next Poly (A) mRNAMagnetic Isolation
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Module (NEB) as per manufacturer’s instructions. One nanogram of
purified mRNA then used to prepare cDNA library using PCR-cDNA
Sequencing Kit (Oxford Nanopore) as per manufactures’ instructions.
RNA sequencing was then performed on the MinION MK1b device
(OxfordNanopore) using FLO-MIN106DFlow cells (OxfordNanopore).

The output reads were analyzed using Minimap2, Samtools, and
Stringtiepackages72–74. Thenormalizedfinal counts thenwereanalyzed
and visualized using R packages (ggsankey) and Graphpad Prism75.

Other statistical analysis
Unpaired t-tests,Mann–WhitneyU test, Ordinary one-way ANOVAwith
Dunnett’s multiple comparison test or Kruskal–Wallis test with Dun-
nett’s multiple comparison test were used, when appropriate, to
determinine the Statistical significance between experimental groups,
where p-values > 0.05 are not represented, smaller p-values are
represented by exact values.The number of technical replicates and
statistical test performed are specified in each case.

Availability of biological materials
Unique biological materials generated for the work presented in this
manuscript are available upon request for research purposes and will
be shared according to standard material transfer agreements
between research institutes. Requests for a material transfer agree-
ment (MTA) can be addressed to Michael Schotsaert at
Michael.Schotsaert@mssm.edu.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The sequencing data generated in this study have been deposited in
the Gene Expression Omnibus database under accession code
GSE248984. The remaining data generated in this study are provided
in the Manuscript, Supplementary Information and Source Data
file. Source data are provided with this paper.
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