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Abstract

Although the COVID-19 pandemic has officially ended, the persistent challenge of long-COVID
or post-acute COVID sequelae (PASC) continues to impact societies globally, highlighting the
urgent need for ongoing research into its mechanisms and therapeutic approaches. Our team

has recently developed a novel humanized ACE2 mouse model (hACE2ki) designed explicitly

for long-COVID/PASC research. This model exhibits human ACE2 expression in tissue and
cell-specific patterns akin to mouse Ace2. When we exposed young adult hACE2ki mice (6 weeks
old) to various SARS-CoV-2 lineages, including WA, Delta, and Omicron, at a dose of 5x10°
PFU/mouse via nasal instillation, the mice demonstrated distinctive phenotypes characterized by
differences in viral load in the lung, trachea, and nasal turbinate, weight loss, and changes in
pro-inflammatory cytokines and immune cell profiles in bronchoalveolar lavage fluid (BALF).
Notably, no mortality was observed in this age group. Further, to assess the model’s relevance for
long-COVID studies, we investigated tau protein pathologies, which are linked to Alzheimer’s
disease, in the brains of these mice post SARS-CoV-2 infection. Our findings revealed the
accumulation and longitudinal propagation of tau, confirming the potential of our hACE2ki mouse
model for pre-clinical studies of long-COVID.
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Introduction

The global impact of COVID-19 has been staggering, with approximately 770 million
reported infections and over 6.9 million lives lost worldwide (WHO Coronavirus
Dashboard). Despite the declaration of the end of the COVID-19 pandemic, new variants of
the SARS-CoV-2 virus, such as the omicron variant, continue to pose significant challenges,
affecting individuals not only with acute COVID-19 disease but also leading to a condition
known as long-COVID.!

Long-COVID is characterized by a range of persistent symptoms, including respiratory
issues, cardiovascular symptoms, and cognitive impairments such as brain fog, fatigue,
insomnia, and memory problems.2 However, our understanding of long-COVID remains
limited due to the scarcity of suitable animal models for research. Developing precise animal
models replicating the pathophysiological aspects of long-COVID is essential for advancing
our knowledge and finding effective therapeutic solutions.

The infectivity of SARS-CoV-2 hinges on its interaction with the angiotensin-converting
enzyme 2 (ACE2) receptor, primarily mediated by its spike protein. Selecting appropriate
animal models for COVID-19 research depends on accurately replicating this interaction.
While some animals, like golden hamsters and ferrets, are naturally susceptible to SARS-
CoV-2, their mild symptoms and limited research resources make them less ideal for
studying severe disease outcomes.3 Non-human primates, which display more human-like
symptoms, present ethical and logistical challenges.* Mice, the most commonly used
laboratory animals, typically exhibit low-affinity ACE2 binding to SARS-CoV-2. Although
mouse-adapted strains of the virus have been developed, they do not fully represent the
spectrum of viral variants.3

One widely used model, K18-hACE2 mice, express human ACE2 in epithelial cells

under the human cytokeratin 18 promoter (K18) and exhibit severe symptoms after SARS-
CoV-2 infection.> However, limitations include co-expression of both mouse and human
ACE2 and a high mortality rate, making conducting prolonged studies post-infection
recovery challenging. Therefore, a novel mouse model closely mirroring human COVID-19
symptoms is required. In pursuit of this goal, several studies have developed and utilized
new hACE2 knock-in (KI) mouse models.6:7 Yet, these experiments mainly focused on
confirming infection status with a single viral strain, with limited comparisons between
different variants and short observation periods up to 7 days after infection. Notably, the
impact of SARS-CoV-2 infection on long-COVID has not been reported using these mouse
lines.

In this study, we introduce a novel humanized ACE2 mouse model created by replacing
mouse AceZ exons 1-9 with full-length human ACE2 cDNA, preceded by a loxp-stop-loxp
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cassette enabling genetic manipulation through the Cre-loxp system. This unique mouse
model offers advantages distinct from existing humanized ACE2 mouse models, allowing
for the study of SARS-CoV-2 infection’s impact systemically or in specific tissues. We have
validated a global humanized ACE2 mouse model by cross-breeding the floxed human
ACE2 with Ella-Cre mice and confirmed their susceptibility to SARS-CoV-2 variants.
Furthermore, our research delves into the potential link between SARS-CoV-2 infection
and neurodegenerative diseases, such as Alzheimer’s disease (AD), by examining tau
pathology and its correlation with ACE2 localization in the mouse brain. Our newly
generated hACE2ki mouse line is a valuable tool for studying viral tropism, investigating
the pathogenesis of long-COVID or post-acute COVID sequelae (PASC), and exploring
preventive and therapeutic strategies.

Generation and Characterization of Novel Humanized ACE2 (hACE2ki) Mouse Line

In our efforts to investigate the pathogenesis of SARS-CoV-2 infection and its long-term
effects and to assess potential interventional strategies for COVID-19 and related diseases,
we have developed a novel humanized ACE2 mouse line, namely, hACE2ki. Employing
CRISPR/Cas9 technology, we replaced exons 1 to 9 of the mouse AceZ gene (MACE2) with
the complete coding sequence (CDS) of human ACEZ (hACEZ2), as shown in Figure 1A.
This modification allowed us to maintain the promoter region of mACEZ2, thus driving the
expression of the substituted hACE?2 in a manner consistent with the native mouse gene.

Additionally, the inserted hACE2 sequence includes a loxp-stop-loxp domain positioned
upstream of the CDS. This feature enables us to regulate hACE2 expression through
breeding with transgenic mice that carry Cre recombinase. For our current study, we
generated hACE2Kki mice in which hACE2 is expressed in all tissues or cells where the
mouse AceZ promoter is active by cross-breeding floxed hACE2ki mice with EllaCre
transgenic mice, which express Cre recombinase in a wide range of tissues, as depicted in
Supplementary Figure 1A.

To validate the expression of the hACE2 gene in hACE2ki mice, we conducted RT-gPCR to
detect human ACEZ or mouse Ace2 gene expressions in tissue samples from the intestine,
kidney, lung, liver, heart, and brain of both hACE2ki and wild-type (WT) mice. Figures 1B
and 1C illustrate that the most abundant ACEZand AceZ expressions are in the intestines,
followed by relatively high levels in the kidneys, lungs, and livers. The expressions in

the hearts and brains are comparatively lower. These results confirm a shared expression
pattern of ACEZin hACE2ki mice and AceZin WT mice, substantiating that the mouse
Ace2 promoter effectively drives human ACE2 expression in the hACE2ki mice. Notably,
the mouse AceZ2 gene was undetectable in hACE2ki mice (see Supplementary Figure S1C),
underscoring the sole functional presence of human ACE2.

Further, to confirm the alignment of human ACE2 protein expression and cell lineage
association with that of mouse ACE2, we selectively conducted immunofluorescence
staining for human or mouse ACE2 (IF) in lung sections of both hACE2ki and WT mice.
The results, presented in Figures 1D and 1E, show that both mouse and human ACE?2
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proteins are primarily abundant in the airways. To delineate the cell type-specific ACE2
protein expression pattern, we co-stained ACE2 with respective cell lineage markers: SPC
(type Il pneumocyte), PDPN (type | pneumocyte), CC10 (club cell), and FOXJ1 (ciliated
airway epithelia). As demonstrated in Figures 1F—M, we observed co-localization between
ACE2 and SPC* type 2 alveolar cells in distal lungs (Figures 1F, 1J, indicated by yellow
arrows). However, there was little or no ACE2 co-localization with PDPN* Type 1 alveolar
cells (Figures 1G, 1K). Notably, in the airway and proximal lungs, high ACE2 expression
was observed in CC10* club cells and FOXJ1* ciliated cells (Figures 1H, 11, 1L, 1M). These
observations validate that human ACE?2 is expressed and distributed in hACE2ki mice in a
manner that closely mimics mouse ACE2 in WT mice.

hACEZ2ki Mice Inoculated with SARS-CoV-2 Variants Display Distinct Infectivity Patterns

To evaluate the susceptibility of hACE2Kki mice to various SARS-CoV-2 strains, we
intranasally inoculated 6-week-old mice with SARS-CoV-2 variants: WA (B.1), Delta
(B.1.617.2), and Omicron (B.1.1.529), each at a dose of 5x10° Plaque Forming Units (PFU)
per mouse. We monitored body weight and temperature daily, and mice were euthanized on
days 1, 3, 6, 14, and 21 post-infection (dpi) for tissue collection (Figure 2A, Supplementary
Figure S2A).

The hACEZ2ki mice infected with WA, Delta, and Omicron variants showed slight weight
loss at 1 dpi, fully recovering by 2-3 dpi. In contrast, WT mice infected with the Mu

strain experienced prolonged weight loss, most significant at 2 dpi, recovering fully by

9 dpi (Figure 2B, Supplementary Figure S2B). This pattern suggests milder symptoms in
hACE2ki mice compared to the commonly used K18-hACE2 mice which do not survive
beyond 7 dpi even with a lower dose of 2x10% PFU of SARS-CoV-2 WA (Supplementary
Figure S2D). No significant changes in body temperature were observed in hACE2ki and
WT mice infected with SARS-CoV-2 (Figure 2C, Supplementary Figure S2C), unlike K18-
hACE2 mice, which showed a significant drop in temperature from 5 dpi (Supplementary
Figure S2E).

Viral replication dynamics were assessed by measuring viral RNA in the lungs and
converting qPCR Ct values for the SARS-CoV-2 N1 gene to genome equivalent units/ml
using a standard curve (Supplementary Figure S3). The SARS-CoV-2 titer peaked at 1 dpi
in hACE2ki mice infected with WA and Delta strains. Omicron-infected hACE2ki mice
showed a peak at 1 dpi but with a lower detectable viral RNA than other lineages (Figure
2D), while the peak viral load is at 3 dpi in Mu-infected WT mice (Supplementary Figure
S2F).

We also examined the impact of viral infection by different viral strains on ACEZ2 expression
in the lungs of hACE2ki mice. Infections with WA and Delta strains and Mu in WT mice
led to a slight decrease in human ACE2 expression at 1 dpi, followed by a rebound around

4 dpi, peaking at 21 dpi. In contrast, Omicron infection in hACE2ki mice caused only mild
variations in gene expression, except for an increase at 6 dpi (Figure 2E, Supplementary
Figure S2G), suggesting an infection-associated dynamic in ACE2 expression post SARS-
CoV-2 infection.
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To investigate whether lung infection by SARS-CoV-2 variants in hACE2ki mice spreads

to other tissues, we screened for viral presence using gRT-PCR in various tissues at 3 dpi.
Results showed that virus genome signals were detectable in the lung, turbinate, and trachea
in all mice inoculated with the three virus strains. Notably, the Delta strain demonstrated
higher infectivity, with detectable viral RNA in the brain and heart (Figure 2G). In contrast,
the Omicron strain showed the lowest distribution of viral RNA, observed only in the lung
and turbinate (Figure 2H). These findings establish that hACE2ki mice can attract various
SARS-CoV-2 strains and display distinct virus replication profiles.

Differential Host Immune Responses in hACE2ki Mice to SARS-CoV-2 Variants.

Given the varied infectivity patterns observed in hACE2ki mice inoculated with different
SARS-CoV-2 variants, we explored whether these differences correlate with distinct host
immune responses, a common phenomenon in COVID-19 patients. Our primary focus was
on the variants’ potential to induce inflammatory responses, a hallmark of COVID-19, often
characterized by a cytokine storm.

We first conducted RT-gPCR to assess the expression dynamics of critical cytokines and
chemokines in the lung, brain, and heart tissues of hACE2ki mice infected with SARS-
CoV-2 variants at various post-inoculation intervals. As depicted in Figure 3, the levels of
interferon-gamma (IFN-y), interferon-alpha (IFNa.), and interleukin-6 (IL-6) in the lungs

did not change significantly up to 14 dpi for all three variants. However, the Delta variant
uniquely induced a sustained elevation in IFNy expression, peaking at 14 dpi and continuing
to 21 dpi. In contrast, infection with the Omicron variant resulted in the most substantial
increase in IFNa expression at 21 dpi (Figure 3A).

We noted variant-specific cytokine expression patterns in the brain at particular time points.
The WA strain induced the highest IFN-y expression at 3 dpi, and IFNa levels remained
elevated post-infection, peaking at 21 dpi. The Omicron variant, however, showed relatively
low cytokine expression levels overall, with a notable increase in IFN+y expression at 1 dpi.
The brain of hACE2ki mice infected with the Delta variant did not exhibit a consistent
cytokine pattern, suggesting unique variant-driven inflammatory responses in the brain, even
though no specific cytokine stood out significantly among the three variants (Figure 3B).

In the heart, similar to the lungs, WA and Delta lineages caused an increase in cytokine
expression at 21 dpi. Interestingly, the heart tissue of mice infected with the Omicron lineage
showed a significant decrease in cytokine expression at 3 and 6 dpi, followed by recovery
(Figure 3C). The above observation indicates variant-specific cytokine expression in the
heart as well.

Further investigations into the gene expressions of IP-10 and TNFa did not reveal any clear
patterns between different variants or cytokines (Supplementary Figure S4A-C). A detailed
comparison of cytokine expression among the variants is provided in Supplementary Figure
S4D.

We next assessed the immune cell infiltration in the lungs of hACE2ki mice infected with
various SARS-CoV-2 lineages by using flow cytometric analysis to examine immune cell
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populations in bronchoalveolar lavage fluid (BALF). Our findings revealed a significant
infiltration of dendritic cells, neutrophils, macrophages, B cells, and T cells into the lungs,
reaching a peak at 3 dpi for all three SARS-CoV-2 variants (Figure 4A-G). Intriguingly,
dendritic cells, macrophages, and B cells showed a secondary peak in infiltration at 14 dpi
(Figure 4A, 4C, 4D).

A key observation was that the Delta variant, which demonstrated the highest viral RNA

loads among the three tested lineages, induced the most significant immune cell infiltration
at 3 dpi. In contrast, the Omicron variant, characterized by the lowest lung viral RNA loads,
led to the most robust induction of immune cell infiltration at 14 dpi. This finding indicates
a clear correlation between virus lineage and immune cell infiltration patterns in our mouse
model.

The comprehensive profile of immune cells infiltrating the lungs of mice infected with the
different SARS-CoV-2 variants is presented in Supplementary Figure SSA-G. The gating
strategy used for the flow cytometric analysis is detailed in Table S3 and Supplementary
Figure S4H.

SARS-CoV-2 Infection-Induced Tau Pathology and ACE2 Correlation in Multiple Brain
Regions of hACE2ki Mouse Model

Despite our humanized hACE2ki mouse line not displaying severe disease progression when
inoculated with various SARS-CoV-2 variants at a young adult age, we aimed to assess its
suitability for investigating long-COVID or Post-Acute Sequelae of SARS-CoV-2 infection
pathogenesis and potential interventions. A key focus was to determine if SARS-CoV-2
infection in this model leads to tau pathologies, a known indicator for neurological disorders
and a suggested long-term consequence of SARS-CoV-2 infection.8-13

Recent investigations have revealed increased hyperphosphorylated taul81 (p-taul81) in
individuals afflicted with SARS-CoV-2 infection# and during the convalescence phase
following COVID-19 infection.® This particular variant of hyperphosphorylated tau 181
has been identified as a specific biomarker associated with AD.16 Despite the absence of
definitive causal links between SARS-CoV-2 infection and AD,1417-20 the examination of
pre-clinical mouse models presents a valuable opportunity to gain crucial insights into the
relationship between SARS-CoV-2 and AD. SARS-CoV-2 infection has been documented
to induce hyperphosphorylated tau (p-tau) pathology in various models, encompassing
human neuronal cell lines,2! human neurons,22 as well as in animal subjects such as
Syrian golden hamsters,23 K18-hACE2 and C57BL/6J mice.” Given the well-established
connection between tau pathology and cognitive dysfunction in AD,2425 it is paramount to
investigate the development of SARS-CoV-2-induced tau pathology within brain regions
linked to cognitive function using pre-clinical mouse models.28:27 The ACE2 receptor
plays a pivotal role in facilitating SARS-CoV-2 infection28, and its involvement has also
been associated with neuropathological changes in AD mouse models.28:27 Hence, there

is a compelling rationale for exploring the potential correlation between ACE2 receptor
expression and the development of tau pathology, which could yield novel insights into the
pathogenesis of AD in the context of SARS-CoV-2 infection.
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Therefore, we conducted extensive tau pathology examinations by immunostaining for
hyperphosphorylated tau 202/205 (clone: AT8) in the cortex, hippocampus, striatum, and
amygdala. Our results indicate that in hACE2ki mice infected with the SARS-CoV-2 WA
variant, a significant increase in AT8 immunoreactivity was observed in the cortex at 14
dpi compared to mock-infected controls (Figure 5A, B), using ACE2 knockout (ACE27/7)
mice as a negative control. We also evaluated ACE2 receptor expression in infected and
uninfected hACE2ki mice, finding no significant variance at 14 dpi (Figure 5C). A robust
positive correlation (Pearson correlation coefficient of 0.8079) was found between AT8
immunoreactivity and ACE2 expression in the cortex following infection (Figure 5D).

We further examined tau pathology, ACE2 receptor expression, and their correlation in the
hippocampus, striatum, and amygdala, which are critical for cognitive functions. In these
regions, SARS-CoV-2 infection in hACE2ki mice at 14 dpi induced notable tau pathology,
unlike in uninfected hACE2ki and ACE2~~ mice (Figure 5E, F, 1, J, M, N). ACE2
expression in these brain regions of infected hACE2ki mice was comparable to non-infected
mice (Figure 5G, K, Q). Strong positive correlations between ACE2 receptor expression
and tau pathology were confirmed, with Pearson correlation coefficients of 0.8299 in the
hippocampus, 0.8425 in the striatum, and 0.7730 in the amygdala.

The above observations in hACE2ki mice are mirrored in WT mice infected with the Mu
variant of SARS-CoV-2 at 14 dpi (Supplementary Figure. S6).

A possible co-localization of AT8 positive signal with SARS-CoV-2 spike protein staining is
observed (Supplementary Figure S7), implying a potential viral infection per se-induced'tau
pathology.

Temporal Progression of Tau Pathology and ACE2 Expression in SARS-CoV-2-Infected
Mouse Brain

Acknowledging the progressive nature of tau pathology over time,22:30 we extended our
assessment to monitor its progression in the cortex at various time points post-SARS-CoV-2
infection, including days 1, 3, 6, 9, 14, and 21 (Figure 6A, B). We observed a significant
increase in AT8-positive immunoreactivity from day 3 to day 21, compared to day 0.
However, the difference between day 1 and day 0 was not substantial (Figure 6A, B). This
pattern suggests a gradual, time-dependent increase in tau pathology in the cortex following
SARS-CoV-2 infection.

Simultaneously, we evaluated ACE2 receptor expression over this timeframe and found no
significant variations at different time points (Figure 6A, C). Correlation analyses between
ACE2 intensity and AT8 immunoreactivity were conducted to explore their relationship over
time. Initially, the correlation was moderate on days 3 and 6 (Pearson correlation coefficients
of 0.3602 at day 3 and 0.4675 at day 6). However, a notable increase in the correlation
strength was observed on days 14 and 21 (Pearson correlation coefficients of 0.8166 on day
14 and 0.8938 on day 21), indicating a strengthening association between ACE2 expression
and tau pathology as the infection progressed.
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Similarly, in the hippocampus, tau pathology progressively increased post-SARS-CoV-2
infection (Figure 6H, 1), while ACE2 expression remained consistent over time (Figure
6H, J). Specifically, AT8-positive immunoreactivity from day 6 to 21 was significantly
higher than at day 0, but no significant changes were noted on days 1 and 3 compared

to day O (Figure 6H, I). This observation indicates an earlier onset of tau pathology in

the cortex than in the hippocampus in SARS-CoV-2-related AD trajectory. Our correlation
studies underscored the time-dependent linear relationship between ACE2 expression and
AT8 intensity (Figure 6K, L, M, N).

Our study confirms the expression of hACE2 in the brains of hACE2ki mice and
establishes a clear link between SARS-CoV-2 infection and the progressive development
of tau pathology. These findings provide crucial insights into the pathogenesis of SARS-
CoV-2 infection-related AD trajectory, highlighting the dynamic interplay between ACE2
expression and tau pathology over time. Most importantly, our observations validate the
suitability of our hACE2ki mouse line in long-COVID or PASC related investigations.

Discussion

Our study introduces the hACE2ki mouse line, created using CRISPR/Cas9 technology to
integrate the human ACEZ gene into the mouse genome. This novel humanized model,
featuring a lox-stop-lox cassette ahead of the human CDS, is regulated by the native mouse
AceZpromoter (Figure 1A). This strategic design allows for targeted expression of human
ACEZin specific tissues and cells, making it a more physiologically relevant platform for
studying SARS-CoV-2 pathogenesis and potential therapeutic strategies. The alignment of
human ACEZ expression in hACE2ki mice with mouse Ace2in WT mice (Figure 1B,

1C) underscores its potential for exploring human-specific disease mechanisms, particularly
those involving ACE2.

There are two common strategies for studying COVID-19 in mouse models. The first
involves using mouse-adapted mutant viruses, which exhibit a higher affinity for mACE2
due to mutations in the SARS-CoV-2 receptor binding domain,31 However, these adapted
viruses may not accurately represent the pathogenesis of existing and emerging viral strains.
The second strategy uses genetically modified mice with human ACE2 expression, such as
the K18-hACE2 model. Despite its utility, the K18-hACE2 model bears shortcomings from
limitations like overexpression in specific cell types and high mortality rates not reflective
of human infection. Although several humanized ACE2 mouse lines are available3-32, our
newly generated humanized ACE2 mouse model adapts a loxP-stop-loxP sequence at the
front of the hACE2 CDS, enabling the human ACE2 expression in selected tissues or

cells, and the expression is driven by native mouse promoter. In the current study, the
floxed hACE2 mice cross-bred with Ellacre mice (Supplementary Figure S1A). The newly
created hACE2Ki mice express human ACEZin infected mouse lungs by different variants
with different patterns, which mirror Mu strain viral infection in WT mice, confirming

that human ACEZ expression is precisely driven by mouse AceZ promoter. Notably, a
diminished ACE2 expression in early stages of SARS-CoV-2 infection in hACE2ki mice,
parallel observations in COVID-19 patients.33 This model, therefore, has the potential to
serve as a critical tool in accurately reflecting human disease progression and immune
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responses, contributing significantly to advancing our understanding of SARS-CoV-2
infection dynamics.

The expression of ACE2 in the lung is known to vary with age.3# In the current study,

we utilized young adult hACE2ki mice aged around 6 weeks, where ACE2 expression

is predominantly concentrated in the airway. In contrast, older mice often exhibit a more
widespread distribution of ACE2 expression throughout various lung regions, including
distal areas. This age-related variation in ACE2 expression could potentially influence our
study’s observed mild phenotype following SARS-CoV-2 infection, aligning with findings
reported in other research.34-47 Our ongoing investigations, which include mice of various
ages, aim to elucidate these age-related differences in immune responses to viral infection.

Clinical phenotypes specific to different viral strains have been well documented. Notably,
infections with the Delta variant are associated with a higher risk of severe lung disease,
whereas the Omicron variant typically results in milder symptoms.*8 In our study, the Delta
variant, in particular, showed evidence of superior infectivity, with detectable viral particles
in the brain and heart at 3 dpi. This finding corroborates clinical reports and validates

our newly created hACE2ki mouse model as an effective tool for COVID-19 research that
accurately reflects human disease.

Our model also revealed an association between viral infectivity and pro-inflammatory
cytokine levels. The most pronounced cytokine and chemokine responses were observed
in the lungs of mice infected with the Delta variant, whereas the Omicron variant elicited
the slightest response. This pattern mirrors clinical data that have identified strain-specific
severity in cytokine storms, correlating with significant differences in mortality among
patients infected with various SARS-CoV-2 strains. These observations confirm that our
hACE2ki mouse model resembles phenotypes observed in human patients, highlighting its
suitability for comprehensive COVID-19 studies.

The phenomenon of immune cell infiltration into the lungs during SARS-CoV-2 infection

is well-documented in existing literature.4%°0 Consistent with these studies, our research
observed significant infiltration of various immune cells, including B cells, T cells, dendritic
cells, neutrophils, and macrophages, into the lungs at 3 dpi. This early immune response is
crucial to the host’s defense against viral infections.

Notably, most previous studies have focused on short-term infections, typically up to 7 dpi,
leaving the immune cell composition during the recovery phase largely uncharted. In our
study, we extended the observation period to 21 dpi, allowing us to monitor the dynamics
of immune cell populations in the BALF beyond the acute phase of infection. Intriguingly,
we noted a resurgence in the numbers of B cells, dendritic cells, and macrophages at 14
dpi (Figure 4B, 4D, 4E), which correlates strongly with the cytokine expression patterns
observed in Figure 3A.

This finding suggests that the impact of the virus on the immune system persists even
after the virus is no longer detectable, potentially influencing the immune response for an
extended period. Such prolonged immune activation could contribute to the development
of long-COVID symptoms. This observation underscores the complexity of the immune
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response to SARS-CoV-2 infection. It highlights the importance of considering long-term
immune dynamics in understanding and managing COVID-19, particularly in the context of
long-COVID.

The extended duration of our study provides new insights into the post-acute phase

of SARS-CoV-2 infection, a critical period that has been relatively under-researched.
Understanding these prolonged immune responses is vital for developing effective strategies
to prevent and treat long-term complications associated with COVID-19.

The implications of these findings are substantial. They suggest that our hACE2ki mouse
model effectively mimics human disease pathogenesis in adaptive immunity, particularly
in the context of variant-specific immune responses. This model, therefore, provides a
valuable platform for studying the nuances of humoral immunity in COVID-19, enhancing
our understanding of how different viral strains interact with the immune system. Such
insights are crucial for developing effective vaccines and therapies, especially considering
the emergence of new SARS-CoV-2 variants.

Furthermore, previous studies have established that tau proteins interact with membrane
lipids, crucial in AD and other neurodegenerative disorders.>! Therefore, the observed
expression of AT8 due to SARS-CoV-2 infection suggests a potential link between SARS-
CoV-2 infection and AD. In this study, we have found reasonable evidence for increased tau
pathology during SARS-CoV-2 infection. However, how SARS-CoV-2 infection increases
tau pathology in the brain is unclear. As visualizing ACE2 expression in the brain has proven
a correlation between ACE?2 expression and tau pathology when compared with control
samples, the infected samples showed a significant increase in ACE2 expression and tau
pathology in various areas of the brain. The mechanism by which SARS-CoV-2 aids in

the propagation of pathogenic tau in the brain may not be apparent; however, it has been
shown previously that infection by multiple pathogens, whether they are bacterial or viral,
leads to increased aggregation of amyloidogenic proteins, as seen in the case of respiratory
syncytial virus (RSV) and the herpes simplex virus (HSV-1).52 There is evidence of brain-
barrier inflammation in COVID-19.53 In the same study, it was found that the inflamed
choroid plexus relayed inflammatory signals into the brain, resulting in impairment of
cognitive function after SARS-CoV-2 infection, although not directly.>3 Impaired cognitive
function is also a result of increased amyloid aggregation in the brain. We found that

the most significant signal of tau pathology was detected in the cortex, followed by the
hippocampus, striatum, and amygdala. Tau pathology was found to be increased with the
duration of infection. On comparing tau pathology between samples infected with dpi 1
and those infected with dpi 14, we observed more significant tau pathology in samples
infected with dpi 14. We found a strong correlation between ACE2 expression and tau
pathology. Other brain regions, including the hippocampus, striatum, and amygdala, also
showed a strong correlation between ACE2 and AT8 expression. The results showed that
tau immunoreactivity is positively correlated with the intensity of ACE2 in the SARS-CoV-2
infected mice.

We found evidence of SARS-CoV-2 in the brain by detecting the spike protein of SARS-
CoV-2 in samples infected with SARS-CoV-2. Neural cells can be prone to infection by
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the virus as they contain the ACE2 receptor. However, low levels of the ACE2 gene
expression may indicate that only a small population of neural cells express ACE2 and

can, therefore, be infected by the virus.>* ACE2 was upregulated five-fold in the tissues
obtained from autopsy of AD patients versus the controls.5® In another study, it was found
that SARS-CoV-2 viral antigens were confined to the neurons of the vagal nuclei of the
medulla and the substantia nigra.>® Of note, ACE2 was found to be upregulated in the tissues
obtained from autopsy of AD patients,3° which may indicate that dpi 21 is not long enough
to observe the dynamic ACE2 expression.

In summary, we created a novel hACE2ki mouse model to conduct acute and long
COVID-19-related research detailing the distinct pathogenesis, disease progression, and
intervention strategies. Using young adult mice, this model exhibited mild symptoms similar
to those experienced by most patients, underscoring its suitability as a pre-clinical animal
model for investigating COVID-19 caused by emerging viral strains and the long-COVID.
However, there were some limitations observed in our study. The absence of detectable
viral load in the trachea of Omicron-infected mice contrasts with the results of patients
showing mainly the upper airway as a target.>” Moreover, the high variability observed

in lung-infiltrating immune cells among mice required a larger number of mice per group
to ensure accurate experiments. Considering these limitations and employing our model
thoughtfully, our new mouse model can serve as an excellent tool for studying ACE?2
expression, viral infection, and inflammatory responses. We anticipate that this model will
provide valuable research data on various SARS-CoV-2 variants and help us understand the
pathology of the long-COVID.

Generation and characterization of humanized ACE2 mouse line (hACEZ2ki).

We newly generated the hACE2Kki transgenic mice from C57BL/B6 background for this
study. The generation process began with the pronuclear injection of one-cell C57BL/6J
embryos (Jackson Laboratories), executed by the JHU Transgenic Core. The standard
microinjection technique, as described by Nagy A et al. (2003), was employed. The injection
mix comprised Cas9 protein (30ng/ul, IDT), tracrRNA (0.6uM, IDT), crRNA (0.6uM, IDT),
and ssDNA template (5ng/ul, Genewiz), all diluted in RNAse-free injection buffer (10 mM
Tris-HCI, pH 7.4, 0.25 mM EDTA).

Injected embryos were transferred into the oviducts of pseudo-pregnant ICR females
(Charles River), utilizing the technique from Nagy A et al. (2003). Guide RNAs targeting
exon 1 through exon 9 of the mouse AceZ2 gene were employed, with primer sequences
detailed in Table S1. The replacement template, designed to replace mouse exons 1 to 9 with
the human ACE2 CDS preceded by a lox-stop-lox sequence (Addgene, 51269), was also
utilized.

The first generation (F0) offspring underwent genotyping using two specific primers,
hACE2Kki 3’ and hACE2KKki 5’ (Table S1), to confirm the correct insertion of intact the
human ACE2 sequence. The expected PCR product sizes were 321bp for hACE2ki 3’ and
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305bp for hACE2KKki 5’. Genotype-positive mice were backcrossed with wild-type (WT)
mice to produce the F1 generation.

These mice were crossed with Ella Cre mice to activate hACE2 expression through excision
of the lox-stop-lox sequence. The homozygous hACE2KKki mice used in this experiment
were bred for five additional generations. Before the experiments, DNA samples from
hACE2-positive mice were genotyped to confirm the presence of the hACE2KKki and

the absence of mMACE2 (KO) using the hACE2KKki-ko primer. Off-target effects were
assessed using the mACE2intron4 primer. The expected PCR product sizes were 300bp

for the mMACE2ko, 1208bp for WT with the hACE2KKi -ko primer, and 466bp for the
mACEZ2intron4 primer. Primer sequences are listed in Table S1, and the resulting gel
electrophoresis band images are presented in Supplementary Figure 1B.

Experimental Procedures Involving Animals and Viruses

All mouse experiments adhered to protocols approved by the JHU animal care and use
committee (Protocol number MO22M280). The C57BL/B6 mice and K18-hACE2 were
procured from The Jackson Laboratory. Global ACE2 knockout (ACE2~/~) mice were
generously provided by Dr. J. Penninger from the Life Sciences Institute, University of
British Columbia.

Mice were administered a light dose of ketamine/xylazine and intranasally infected with
5x10° PFU of SARS-CoV-2 Mu (SARS-CoV-2/USA/MD-HP06587/2021; B.1.621; GISAID
EPI_ISL_3243079), WA (SARS-CoV-2/USA-WA1/2020; A.1; BEI Resources, NR#52281),
Delta (SARS-CoV-2/USA/MD-HP05660/2021; AY.106; GISAID EPI_ISL_2331507), and
Omicron (SARS-CoV-2/USA/MD-HP20874/2021; BA.1.18; GISAID EPI_ISL_7160424)
variants in 50 pl of DMEM. Body weight and temperature were monitored daily. Mice were
sacrificed for analysis on 1, 3-, 6-, 14, and 21 days post-infection. For comparison, WT

mice were inoculated with the SARS-CoV-2 Mu (B.1.621) strain, known to infect C57BL/6
mice at the same age and dose. All SARS-CoV-2 experiments were conducted in an ABSL3
facility at Johns Hopkins University.

RNA Extraction and qRT-PCR:

Mouse tissues were homogenized, and total RNA was extracted using Trizol. For each
sample, 1 ug of RNA was used for cDNA synthesis using the High-Capacity Reverse
Transcription Kit (Applied Biosystems). Real-time quantitative PCR was performed using
iTaq Universal SYBR Green Supermix (Bio-Rad) on the Bio-Rad CFX96 system. Transcript
abundance was normalized to GAPDH and presented as 272Ct, using specific primers listed
in Table S1.

Viral Load Determination:

Standard curves for SARS-CoV-2 N1 genes were generated by plotting Ct values against
PFU to calculate viral load in the tissues as genome equivalent units. The virus stock

was diluted from 1x104 to 2x107 PFU/ml, and qPCR was performed using nCOV_N1
(FAM) Probe Aliguot (IDT) and SsoAdvanced Universal Probes Supermix (Bio-Rad). The
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primers used were nCOV_N1 Forward and Reverse Primers (IDT). The standard curve
(Supplementary Figure 2C) was used to interpolate tissue virus titer results.

Immunofluorescence analysis of lung section

Lung tissues were harvested from the mice and immediately fixed with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Dehydration, washing, and
paraffinization were performed on the Tissue processor. The samples were embedded in
paraffin using a tissue embedding station. Samples were then sectioned at 5 pm and put

on positively charged glass slides. The slides were deparaffinized and rehydrated in ethanol
(100%, 95%, and 70%). The samples were processed for antigen retrieval in citrate buffer
(10 mM, pH 6) for immunofluorescence staining. Samples were then washed with PBS
blocked with 1% bovine serum albumin (BSA) in PBS for 1hr at room temperature (RT).
After washing, the slides were incubated overnight at 4°C with primary antibodies diluted in
1% BSA in PBS (1:200). The primary antibodies used for staining are listed in Table S2 and
washed three times with 0.5% BSA in PBS, incubated with appropriate fluorescent-labeled
secondary antibodies (Table S2) and the DAPI for nuclear staining, then mounted using
Gelvatol solution before imaging using a fluorescence microscope (Leica). To enhance
co-localization visualization, the colors of SPC, PDPN, CC10, and FOXJ1 were changed to
red using ImageJ software for analysis.

Immunofluorescence analysis of brain section

Brains were collected and incubated with 4% PFA for at least 24 hours at 4°C. The brain
was transferred to a 15 ml conical tube containing 30% sucrose in PFA and incubated

until the brain sank to the bottom of the tube (~ 72h). The 30 um coronal slices were
obtained using a sliding microtome (Thermo Scientific, HM450). Brain sections were
blocked in with 5% goat serum with 0.3% Triton X-100 for 1h at RT and then incubated
overnight at 4 °C with mice Phospho-Tau (Ser202, Thr205) Monoclonal Antibody (AT8)
antibody (dilution 1:1,000) as primary antibody for tau pathology assay or anti-mACE?2
antibody (dilution1:1000) or anti-hACE2 antibody (dilution1:1000) for ACE2 expression.
Incubation with secondary antibodies such as anti-rabbit IgG conjugated to Alexa-fluor
568 (1:1000 dilution), anti-mouse 1gG conjugated to Alexa-fluor 488 (1:1000 dilution), and
Hoechst (1:5000 dilution) for 1h at RT. Slides were prepared, and images were acquired

on a fluorescence microscope (Zeiss Axio Observer Z1) and then analyzed with Zen Lite
software and ImageJ. The areas with low to high degrees of ACE2 expression were selected
for quantification and quantified for AT8 and ACE2 signals using ImageJ—quantification of
the AT8 and ACE2 immunoreactivity normalized by Hoechst. Pearson correlation analysis
was performed using GraphPad Prism.

ELISA for Mouse Immunoglobulin:

An indirect ELISA was conducted using SARS-CoV-2 spike protein (Sino biological) to
measure IgG and IgM levels in mouse serum. Following overnight antigen coating and
subsequent blocking, serum samples and detection antibodies were added. The enzymatic
reaction was initiated using a substrate solution (R&D systems), and OD at 450 nm was
measured.
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Flow Cytometry of BALF:

BALF was obtained post-euthanasia, and cells were processed for flow cytometry analysis.
After blocking Fc receptors and staining with fluorescent-conjugated antibodies (Table S2),
samples were analyzed on a Northern Lights flow cytometer (Cytek), with data processed
using Flowjo software. The gating strategy is outlined in Table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Generation and Characterization of Humanized ACE2 Mouse Line (hACE2ki)
(A) Schematic of hACE2ki mice generation, utilizing guide RNAs targeting exons 1-9

of mouse Ace2 gene and a replacement template for human ACEZ2 CDS preceded by

a lox-stop-lox sequence. (B, C) Comparative qPCR analysis of Ace2 (B) and human

ACEZ2 (C) mRNA expression across various tissues in WT and hACE2ki mice. (D, E)
Immunofluorescence staining of lung sections for mouse (D) and human (E) ACE2 (green)
in WT and hACE2ki mice, counterstained with DAPI (blue); Scale bar, 1 mm. (F-M)
Co-localization studies in lung sections for mouse (F-1) and human (J-M) ACE2 (green)
with cell markers SPC, PDPN, CC10, FOXJ1 (red), and DAPI (blue); Scale bar, 50 pm;
higher magnification of framed areas shown.
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FIGURE 2. Infection of hACE2ki Mice with SARS-CoV-2 Variants
(A) Experimental design for intranasal infection of hACE2ki mice with 5x10° PFU of

SARS-CoV-2 variants. (B) Body weight changes following SARS-CoV-2 variant infection.
(C) Body temperature variations post-infection with SARS-CoV-2 variants. (D) Lung viral
loads post-infection, quantified by gRT-PCR and converted to genome equivalent units.

(E) Changes in lung ACE2 mRNA expression during infection, determined by qPCR.

(F-H) Tissue-specific viral loads at 3 dpi with SARS-CoV-2 variants were assessed by
gRT-PCR and converted to genome equivalent units. ND = not detected. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001. n=4. Data are presented as the average + s.e.m.

J Med Virol. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Choi et al.

(A)

Lung (B) Brain

©)

Heart

Page 20

- !\'/‘\/\l ‘
. .
os 2

IFNy IFNa. IL-6 IFNy IFNa.

A

IFNy

10 15
s
B
4
B

IFNa

IL-6

Delta

:
.
.

20 2
y 15
10

M\ ’

N

.

Omicron

5
s
'
4
B
2

sl

10
o8
o4
o5

02

Rl

P
10
1

AN

Relative Expression

dpi

0136142 0136142 0136142 013 61421 01361421 01361421

01361421

01361421

01361421

FIGURE 3. Cytokine and Chemokine Gene Expression in Lungs of SARS-CoV-2 Variant
Infected Mice

(A-C) RT-gPCR analysis of cytokine and chemokine mRNA levels in lung (A), brain (B),
and heart (C) from mice infected with WA, Delta, and Omicron variants. Data relative to 0
dpi; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=4. Data are presented as the average

*s.e.

m.
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FIGURE 4. Immune Cell Profiling in BALF Post-SARS-CoV-2 I nfection
(A-F) Flow cytometry measured the analysis of immune cell infiltration into the lungs

post-infection with SARS-CoV-2 variants in BALF. Percentages of various cell lineages are
shown. *p<0.05, **p<0.01, ***p<0.001. n=4. Data are presented as the average + s.e.m.
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FIGURE 5. Correlation between ACE2 Expression and Tau Hyperphosphorylation in the Cortex
and Associated Brain Regions during SARS-CoV-2 I nfection in hACE2ki Mice at 14 days post-
infection (dpi).

(A) Schematic depiction highlighting the analyzed cortical region (black box) and
corresponding immunofluorescence images featuring ACE2 and AT8 immunostaining in
hACE2 KI mice infected with SCV2-WA at 14 dpi. Negative controls included the

hACE2 KI mock group and ACE2 knockout mice (ACE2~/7). Scale bar, 20 um. (B, C)
Quantification of ACE2 (B) and AT8 (C) intensity. Normalization was performed relative
to DAPI. (D) Correlation analysis of co-localized AT8 and ACE2 intensity in the cortex at
14 dpi, revealing a robust positive correlation (Pearson correlation coefficient r = 0.8079).
Expression profiles of ACE2 and AT8 were also assessed in the hippocampus (E, F, G),
striatum (I, J, K), and amygdala (M, N, O). (H, L, P) Robust positive correlations were
observed between AT8 immunoreactivity and ACE2 expression in the hippocampus (r =
0.8299), striatum (r = 0.8425), and amygdala (r = 0.7730). N = 4 per group. Data are
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presented as the average + s.e.m. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, with p-values determined using one-way ANOVA.
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FIGURE 6. Temporal Analysisof ACE2 and AT8 Co-localization in hACE2ki Mice Cortex and
Hippocampus during SARS-CoV-2 | nfection.
Schematic depiction illustrating the analyzed cortical region (black box) and

immunofluorescence images displaying ACE2 and AT8 staining in the cortex of hACE2

KI mice infected with SCV2-WA at multiple time points (1, 3, 6, 9, 14, 21 dpi). The negative
control involves hACE2 without infection: scale bar, 20 pm. The quantification of AT8 (B)
and ACE2 (C) intensity was normalized to DAPI. Correlation analysis of co-localized AT8
and ACE?2 intensity in the cortex at 3 and 6 dpi, revealing a weak correlation (Pearson
correlation coefficient r = 0.3602 and 0.4675). Correlation analysis at 14 and 21 dpi shows

a robust positive correlation (Pearson correlation coefficient r = 0.8166 and 0.8938). Similar
assessments were performed in the hippocampus for AT8 (H, 1) and ACE2 (H, J) changes
over time. Correlation analysis of co-localized AT8 and ACE2 intensity in the hippocampus
at 3 and 6 dpi reveals a robust positive correlation (Pearson correlation coefficient r = 0.4327
and 0.4979), and correlation analysis at 14 and 21 dpi shows a robust positive correlation
(Pearson correlation coefficient r = 0.7450 and 0.8617). N = 4 per group. Data are presented
as the average + s.e.m. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, with p-values determined using one-way ANOVA.
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