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The classical manifestation of COVID-19 is pulmonary infection. After host cell entry
via human angjotensin—converting enzyme II (hACE2), the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) virus can infect pulmonary epithelial cells, especially
the AT?2 (alveolar type II) cells that are crucial for maintaining normal lung function.
However, previous hACE2 transgenic models have failed to specifically and efficiently
target the cell types that express hACE2 in humans, especially AT?2 cells. In this study,
we report an inducible, transgenic hACE2 mouse line and showcase three examples for
specifically expressing hACE2 in three different lung epithelial cells, including AT?2 cells,
club cells, and ciliated cells. Moreover, all these mice models develop severe pneumonia
after SARS-CoV-2 infection. This study demonstrates that the hACE2 model can be used
to precisely study any cell type of interest with regard to COVID-19-related pathologies.
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COVID-19 has been an ongoing global pandemic since early 2020 and has caused a severe
threat to public health (1). The emergence of the Omicron variant of SARS-CoV-2, the
virus that causes COVID-19, at the end of 2021 has contributed to a faster infection rate
compared with other variants (2). The most common causes of deaths in patients with
COVID-19 are diffuse alveolar damage and acute respiratory distress syndrome (1, 3).
The development of mouse models for COVID-19 would not only enable more rapid
and efficient efficacy testing for vaccines and drugs, but also assist in exploring the patho-
physiological responses and mechanisms after SARS-CoV-2 infection (4, 5). Human
angiotensin—converting enzyme II (hRACE2), but not the mouse protein (mACE2), is a
key cell entry receptor for SARS-CoV-2 (6). In humans, hACE2 is broadly expressed in
multiple tissues, including the nasal airway, lung, esophagus, intestine, pancreas, kidney,
liver, brain, arteries, and heart (7, 8). Notably, multiple types of human lung epithelial
cells express hACE2, including alveolar type I (AT'1), AT2, basal, secretory, and ciliated
cells (6, 7). AT2 cells are alveolar epithelial progenitors and are responsible for homeostatic
maintenance of the alveolar region (9, 10). Once the SARS-CoV-2 virus invades the lungs,
the pulmonary epithelial cells become the top targets of attack, especially the AT2 cells.
Virus infection induces capillary rupture, immune infiltration, and alveolar collapse, even-
tually leading to pneumonia and acute respiratory distress syndrome (2). Moreover, the
virus can also invade other organs via the circulation, causing multiorgan failure and
serious complications, such as hypertension, myocardial infarction, explosive myocarditis,
arrhythmia, thrombosis, acute kidney injury, acute liver injury, and neurological diseases,
which can also cause death if complications are sufficiently severe and if there is a lack of
adequate intervention (1-3, 11-14). However, the pathogenesis and repair mechanisms
after infection are largely unknown, and the applicability of current genetic tools for
COVID-19 research has limitations, so genetic tools are necessary to develop cell- and
tissue-specific research of this disease in an amenable preclinical animal model, such as
the mouse.

Considering the direct role of hACE2 in assisting viral entry, transgenic mice ectopically
expressing hACE2 are invaluable and have been used widely in research (15-25), such as
transgenic knock-in mice that drive hACE2 in response to the K718, HFH4, CAG, or
mACE2 promoters. However, previous mouse studies have shown that Kr#18 is mainly
expressed in the bronchiolar epithelium (26), HFH4 is expressed in bronchiolar ciliated
cells of the lungs (19), and CAG is constitutively expressed in all cell types; thus, these
promoters fail to offer the ability to perform cell-type specificity studies (23). Moreover,
our work here reports that endogenous mACEZ is mainly expressed in bronchiolar club
cells of the lung, pericytes of the heart and brain, and epithelium of some other organs.
Therefore, the expression of hACE2 driven by the above promoters does not faithfully
mimic its expression in human tissues, especially the alveolar AT?2 cells. Therefore, previous
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Generation of mouse models for
COVID-19 pathogenesis is of keen
interest as they would allow for
efficient investigation of disease
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a vaccine and drug development
platform. However, the current
transgenic hACE2 (human
angiotensin-converting enzyme
II) mouse models have limitations
regarding their ability to mimic
the expression of ACE2 in human
tissues, especially the alveolar
AT2 (alveolar type Il) cells. In this
study, we generated an inducible
transgenic mouse model that
expresses hACE2 in any cell type
of interest, which will be
invaluable to model COVID-19-
related pathologies and their
underlying mechanisms.
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studies utilizing conventional mouse models have not recapitu-
lated many aspects of COVID-19 in humans (4), possibly owing
to these limitations. Once the SARS-CoV-2 virus invades the
human body, it infects a variety of organs and cell types, causing
a complex infection process. Unraveling the distinct cellular roles
and mechanisms of viral pathogenesis is critical for the develop-
ment of cell-specific therapeutic strategies for COVID-19 treat-
ment. Although many drugs and vaccines have been reported for
COVID-19 treatment, we are concerned that some therapeutic
strategies may need to be reevaluated due to the imperfection of
the above transgenic hACE2 tools. Furthermore, delineating and
exploring the response and pathological mechanism of specific
cell types after infection will help to carry out cell-specific thera-
peutic research. It is therefore necessary to develop a transgenic
hACE2 line that can be used to target any cell type of interest.

To address this unmet need, we generated in this study an
inducible hACE2 transgenic mouse model that allows for the
expression of hACE2 in any cell type of interest. We showcase
here three examples for specifically inducing hACE2 expression;
notably, in AT2, club, and ciliated cells. After SARS-CoV-2
infection, all the three of these epithelial-cell hACE2 mouse
models successfully developed pneumonia, albeit with some
differences in pathological features between them, though all
of them recapitulated relevant pathological features found in
patients. This inducible hACE2 transgenic model will be useful
for precisely studying COVID-19-related pathologies in any
cell type, while perhaps also acting as a vaccine and drug dis-
covery platform.

Results

mAce2 Is Not a Suitable Locus for Driving hACE2 Expression.
The mAce2 gene locus has been previously used to drive hACE2
expression for COVID-19 research (18, 20). However, the
expression of mACE2 in vivo has not been fully characterized.
Thus, we first generated an mAce2-2A-CreER mouse line to
evaluate whether the mAce2 gene is suitable for driving hACE2
expression. This line was generated by inserting 2A-CreER after the
endogenous mAce2 gene via homologous recombination (Fig. 14).
mAce2-2A-CreER mice were then crossed with Rosa26-loxP-stop-
loxP-tdTomato (R26-tdTomato) mice to generate the mAce2-2A-
CreER; R26-td Tomato mouse. We collected adult mouse tissues
after tamoxifen (Tam) treatment for analysis (Fig. 1B). Whole-
mount epi-fluorescence showed that td Tomato signals were mainly
detected in the kidney, lung, nasal mucosa, bladder, skin, and
intestine after Tam treatment (Fig. 1Cand ST Appendix, Fig. S1 A
and B). Immunostaining for td Tomato and E- cad on tissue sections
showed that mAce2 was expressed in the E- cad™” epithelium of
kidneys, E-cad” epithelium of nasal mucosa, bladder, thymus,
intestine, and hair follicle of skin (Fig. 1D and SI Appendix,
Fig. S1C). Immunostaining for tdTomato and NG2 on tissue
sections showed that mAce2 was expressed in a subpopulation of
pericytes in the heart and brain (Fig. 1E). We could hardly detect
tdTomato” cells in mice without Tam treatment (SI Appendix,
Fig. S1 D and E). Considering that the human lungs are the key
targets for SARS-CoV-2 infection, we then examined the mAce2
expression in murine lungs. Immunostaining for tdTomato,
Scgblal, A-tubulin, Sftpc, CGRE or Krt5 on lung sections
showed that mAce2 was expressed in 44.48 % + 2.12 % of club
cells and 1.36 % + 0.21 % of AT2 cells, but not in AT1 cells,
basal cells, ciliated cells, or neuroendocrine cells (Fig. 1 F and
G). Moreover, tdTomato was not expressed in trachea epithelia
(Fig. 1F). These data reveal that the expression profile of ACE2 is
different in mouse and human lungs.
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Considering that mAce2 was mainly expressed in a subset of
club cells, we further explored whether these mAce2” club cells
were progenitors. In naphthalene-induced bronchiolar injury
model, we found that the mAce2” club cells could replace part of
the damaged bronchiolar epithelium during lung repair (Fig. 1
H-K). In bleomycin-induced alveolar injury model, we further
revealed that these bronchiolar mAce2" club cells could migrate
to the alveolar region and contribute to a subset of AT2 and AT1
cells (Fig. 1 L-0). Collectively, these data demonstrate that mAce2
is not a suitable locus for driving the expression of hACE2 in most
alveolar cells. We unexpectedly found that mAce2-expressing lung
cells could serve as endogenous progenitors for the damaged epi-
thelia after lung injuries.

Pneumonia Develops after SARS-CoV-2 Infection in the AT2-
Specific hACE2 Model. As Krt18, HFH4, and mAce2 were not
appropriate loci to recapitulate the expression pattern of ACE2
in humans, we then generated an inducible hACE2 transgenic
reporter line to enable induction of hACE2 expression specifically
in any cell type of interest. The CAG-loxp-stop-loxp-hACE2-IRES-
tdTomato sequence was knocked into the Rosz26 gene locus in mice
by homologous recombination using CRISPR/Cas9 of the R26-
hACE2-tdT mouse line (Fig. 24). By design, only after Cre-loxP
recombination, the Cre" cells could specifically express hACE2
and could be simultaneously labeled by tdTomato for genetic
tracking of these cells (Fig. 2 B and C). We next induced the
expression of hACE2 in specific cell types of lung epithelium using
R26-hACE2-1tdT. As the AT2 cells were labeled inappropriately
by previous hACE2 genetic tools, we first tested whether we can
induce hACE2 expression in AT2 cells. We crossed the R26-
hACE2-tdT line with the AT2 cell-specific Cre line Sfipe-CreER
to generate Sfipc-CreER;R26-hACE2-tdT mice (hereafter called
AT2-hACE2 mice, Fig. 2D). After Tam treatment, we collected
tissues for analysis. By whole-mount epi-fluorescence, we found
that tdT" signals were readily detected in the lung (Fig. 2E).
Immunostaining for tdT, hACE2, and Sftpc on lung sections
showed that hACE2 and tdTomato were specifically and efficiently
expressed in Sftpc” AT2 cells (98.68 % = 0.46 %) but not in
other tissues (Fig. 2F and SI Appendix, Fig. S2 E and F). These
data demonstrate that the R26-hACE2-tdT mouse could be used
to specifically induce hACE2 expression specifically in AT?2 cells.

Next, we studied the susceptibility of AT2-hACE2 transgenic
mice to SARS-CoV-2 infection in vivo. Notably, there was no
tdTomato” signal detected without Cre (S/ Appendix, Fig. S2
A-D). Adult mice were 1ntranasally infected with SARS-CoV-2
Delta variant at a dose of 2 x 10% Plaque Forming Unit (PFU) at
3 wk after Tam treatment and were then killed at 4 days, 7 days,
and 14 days post infection (dpi) for analysis (Fig. 2G). The mice
uninfected with virus were used as control. By immunostaining
for tdTomato and SARS-CoV-2 spike (S) protein on lung sections
of infected AT2-hACE2 mice, we found that SARS-CoV-2 effi-
ciently and specifically bound to the tdTomato” cells in the severe
injury regions (Fig. 2 H and /). Mouse lung tissues were harvested
in uninfected, 4, 7, and 14 dpi. Homogenized total RNA was
extracted for RT-qPCR analysis and quantification to evaluate the
level of SARS-CoV-2 infection. We showed that the viral RNA
copies in the lung were significantly increased at 4 dpi and then
gradually decreased at 7 dpi and 14 dpi, indicating that the virus
was being cleared and lung injury was resolving (Fig. 2/).

We next performed histological assays to test for the develop-
ment of pneumonia. Hematoxylin & eosin (H&E) staining
showed that parenchymal wall expansion, alveolar wall thickness,
alveolar congestion, inflammatory cell infiltration, and even the
extravasation of blood cells in chambers were detected at 4, 7, or
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Fig. 1. Generation and characterization of an mAce2-2A-CreER line. (A and B) Schematic diagrams illustrating the knock-in strategy of mAce2-2A-CreER by
homologous recombination using CRISPR/Cas9 (A) and the experimental design (B). (C) Whole-mount fluorescent images of organs from mAce2-2A-CreER;R26-
tdTomato mice after tamoxifen induction. (D and E) Immunostaining for tdTomato and E-cad (D) or NG2 (E) on tissue sections of mAce2-2A-CreER;R26-tdTomato
mice after tamoxifen treatment. Yellow arrowheads, tdT'E-cad” cells (D), tdT"NG2" cells (E); white arrowheads, tdT* neural cells. (F) Immunostaining for tdTomato
and Scgb1a1, A-tubulin, Sftpc, CGRP, or Krt5 on lung sections. Yellow arrowheads, tdT"Scgb1a1” club cells or tdT*Sftpc” AT2 cells. White arrowheads, tdT"CGRP"
cell. (G) Quantification of the percentage of club cells, AT2 cells, AT1 cells, basal cells, ciliated cells, and NE cells expressing tdTomato. Data are presented as
mean + SD; n =4 mice per group. (H) Schematic showing the experimental strategy. (/) Immunostaining for tdTomato and Scgb1al on lung sections of mAce2-
2A-CreER;R26-tdTomato mice after 4 wk of naphthalene (naph.) or vehicle (corn oil) treatment. Yellow arrowheads, tdT"Scgb1a1” cells. (/) Quantification of the
percentage of tdTomatoScgb1a1” club cells in bronchioles. Data are presented as mean + SD; *P < 0.05. P value was calculated by unpaired two-tailed Student's
ttest. n = 4 mice in vehicle group and n = 7 mice in naphthalene group. (K) Cartoon image showing that mAce2" progenitors contribute to bronchiolar epithelium
after bronchiolar damage. (L) A schematic diagram illustrating the experimental strategy. (M) Immunostaining for tdTomato, Sftpc, and T1a on lung sections of
mAce2-2A-CreER:R26-tdTomato mice after 4 wk of bleomycin or vehicle (PBS) treatment. Yellow arrowheads indicate tdT'Sftpc” AT2 cells; White arrowheads indicate
tdT'T1a" AT1 cells. (N) Quantification of the percentage of tdTomato*Sftpc” AT2 cells and tdTomato'T1a* AT1 cells in the alveolar region. Data are presented as
mean + SD;*P < 0.05. P value was calculated by unpaired two-tailed Student's t test. n = 4 mice per group. (0) Cartoon image showing that mAce2" progenitors
contribute to alveolar epithelium after alveolar damage. Tam, tamoxifen. tdT, tdTomato. A-tubulin, Acetylated-tubulin. (Scale bars, yellow, 1 mm; white, 100 pm.)
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Fig. 2. Pathological changes after specific infection of AT2 cells by SARS-CoV-2. (A and B) Schematic diagrams illustrating the knock-in strategy of R26-hACE2-tdT
mouse line by homologous recombination (A) and the strategy for inducing hACE2 and tdT expression (B). (C) Cartoon image showing that the R26-hACE2-tdT model
could be combined with different genetic models for inducing expression of hACE2 in target cell type according to the research needs. (D) A schematic diagram
illustrating the experimental design. (E) Whole-mount views of the lungs of Sftpc-CreER;R26-hACE2-tdT mice after tam treatment. (F) Immunostaining for tdTomato,
hACE2, and Sftpc on lung sections of Sftpc-CreER;R26-hACE2-tdT mice. Yellow arrowheads indicate tdT"hACE2"Sftpc™ AT2 cells. Quantification of the percentage
of AT2 cells expressing hACE2. Data are presented as mean + SD; n = 4 mice per group. (G) A schematic diagram illustrating the virus infection strategy. (H)
Immunostaining for tdT and SARS-CoV-2 S protein on lung sections at 4 days post infection (dpi) and uninfected mice. (/) Quantification of the percentage of tdT+
cells infected by SARS-CoV-2 in damaged regions. n = 4 mice per group. (/) RT-gPCR quantification of SARS-CoV-2 ORF gene expression in the lungs in uninfected,
4,7,and 14 dpi. Data are presented as mean + SD; n = 3 or 4 mice per group. Unpaired, two-tailed t test. (K) H&E staining of lung tissues in uninfected, 4, 7, and
14 dpi groups. (L) H&E score of the lung injuries in uninfected, 4, 7, and 14 dpi groups. P value was calculated by unpaired two-tailed Student's t test. Data are
presented as mean + SD; n = 3 or 4 mice per group. (M) IHC staining for CD45" immune cells of lungs in uninfected, 4, 7, and 14 dpi groups. (N) Quantification
of the cell number of CD45" immune cells of infected lung tissues. P value was calculated by unpaired two-tailed Student's t test. Data are presented as mean
+SD; n =3 or 4 mice per group. (O) Cartoon image showing that the Sftpc-CreER;R26-hACE2-tdT model could be specifically used for inducing the expression of
hACE2 and tdT in AT2 cells. After host cell entry, SARS-CoV-2 virus could specifically infect AT2 cells via hACE2, resulting in epithelium-derived lung pneumonia.
Tam, tamoxifen. tdT, tdTomato. A-tubulin, Acetylated-tubulin. (Scale bars, yellow, 1 mm; white, 100 pm; black, 200 pm.)
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14 dpi compared to those of the control group (Fig. 2K). We then
evaluated the histopathology at different time points after infec-
tion. We found that the histological score was significantly elevated
at 4 dpi compared to the uninfected group, with alveolar wall
thickening, fibrotic deposition, and extravasation of blood cells
(Fig. 2 Kand L). The histological score was further increased at 7
dpi, and at this time point, we even detected the extravasation of
blood cells in the bronchioles. However, after long-term repair at
14 dpi, the histological score was lower compared with those of
4 dpi and 7 dpi, but was still higher than that in control group
(Fig. 2 Kand L). Immunohistochemical staining IHC) for CD45
on lung sections also demonstrated immune infiltration after
infection (Fig. 2M). Quantification of the CD45" immune cells
per 10x field showed that the infiltrated immune cells dramatically
increased at 4 dpi and then gradually decreased at 7 dpi and 14
dpi (Fig. 2V). The pathological phenotype was significantly
improved at 14 dpi, indicating that the recovery process was ini-
tated in the lung, which was consistent with the results of
RT-qPCR (Fig. 2/). Moreover, by histopathology analysis, we
found that no significant toxicity and immune effects were induced
by Tam treatment (SI Appendix, Fig. S3). Collectively, these data
indicate that our transgenic mice could be used for efficient and
specific induction of hACE2 expression and tdTomato staining
of specific cell types, which enables induction of interstitial pneu-
monia after SARS-COV-2 infection and recapitulates relevant
pathological features found in patients (Fig. 20).

Pneumonia Develops after SARS-CoV-2 Infection in the Club-
Specific hACE2 Model. In addition to alveolar epithelium, SARS-
CoV-2 also targets the tracheobronchial epithelium in human
lungs, mainly including club cells, ciliated cells, and basal cells
(6, 7,27, 28). We next wanted to explore whether all respiratory
club cells can be labeled by using a club cell genetic tool (Scgblal-
CreER) (29). We then generated Segblal-CreER;R26-hACE2-tdT
mice (hereafter called club-hACE2 mice) for analysis (Fig. 34).
Whole-mount epi-fluorescence and immunostaining for tdT,
hACE2, and Scgblal on lung sections showed that hACE2 and
tdTomato were specifically and efficiently expressed in 97.47 % +
1.05 % Scgblal® club cells of both trachea and bronchiole regions,
which mimicked the expression pattern of the humans (Fig. 3 B
and C). There were no tdTomato" signal detected in other tissues
(SI Appendix, Fig. S2 G and H).

Next, we investigated the susceptibility of club-hACE2 transgenic
mice to SARS-CoV-2 infection in vivo. We collected tissues in 4, 7,
and 14 dpi after SARS-CoV-2 infection for analysis, and the unin-
fected mice were used as the control group (Fig. 3D). Immunostaining
for tdTomato and SARS-CoV-2 spike (S) protein on lung sections of
infected club-hACE2 mice showed that SARS-CoV-2 efficiently and
specifically bound to the tdTomato" club cells in the severely damaged
airway epithelial regions (Fig. 3 £'and /). RT-qPCR analysis showed
that the viral RNA copies in the lungs were significantly elevated at
4 dpi, then gradually decreased from 7 dpi to 14 dpi, indicating that
the lung injury resolved and viremia was reduced (Fig. 3G). We then
performed histological assays to test for the development of pneumo-
nia. H&E staining and histological scores showed that increased
alveolar wall thickness and congestion and inflammatory cell infiltra-
tion were observed at 4 dpi, and these pathological reactions were
more severe at peribronchiolar regions (Fig. 3 H and /). At 7 dpi,
the extravasation of blood cells was detected at the bronchiolar lumen
(Fig. 3H). Moreover, although the extravasation of blood cells was
still observed at the bronchiolar lumen, the histological score was
decreased at 14 dpi with reduced alveolar wall thickness, congestion,
and parabronchial fibrosis (Fig. 3 H and /). IHC staining for CD45

on lung sections also showed that there was immune cell infiltration
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into the lungs after infection that was aggregated at peribronchiolar
regions, which was consistent with the pathological features observed
by H&E staining (Fig. 3/). Further quantification of CD45" immune
cells showed that the infiltrated immune cells were dramatically ele-
vated at 4 dpi and then gradually decreased from 7 dpi to 14 dpi,
indicating a recovery period after infection (Fig. 3K), which was
consistent with the RT-qPCR results (Fig. 3G). Collectively, these
data indicate that club-hACE2 mice could be used for efficient and
specific labeling of club cells of both trachea and bronchioles by
hACE2 and td Tomato, which enables induction of pneumonia after
SARS-COV-2 infection (Fig. 3L).

Pneumonia Develops after SARS-CoV-2 Infection in the Ciliated-
Specific hACE2 Model. Ciliated cells of human lungs also express
hACE2 (6, 7). To develop a ciliated-specific hRACE2 model, we
first generated a Foxjl-CreER line by inserting the CreER-BFP
component after the endogenous Foxjl gene via homologous
recombination (Fig. 44). We then generated Foxjl-CreER;R26-
hACE2-tdT mice (hereafter called ciliated-hACE2 mice) to study
the pathological features after SARS-CoV-2 infection (Fig. 4B).
By immunostaining for tdT, hACE2, and acetylated-tubulin (A-
tubulin) on lung sections, we found that hACE2 and tdTomato
were specifically and efficiently expressed in 97.13% + 1.12%
acetylated-tubulin® ciliated cells of both trachea and bronchiole
regions (Fig. 3C). No tdTomato" signal was detected in other
tissues, except for the brain (87 Appendix, Fig. S2 I and J). Next,
we tested the susceptibility of ciliated-hACE2 transgenic mice to
SARS-CoV-2 infection in vivo. We collected and analyzed the
tissues in 4, 7, and 14 dpi after SARS-CoV-2 infection (Fig. 4D).
Immunostaining for tdTomato and SARS-CoV-2 spike (S)
protein on lung sections showed that SARS-CoV-2 bound to the
tdTomato" ciliated cells in the severely damaged airway epithelial
regions, suggesting that the hACE2" ciliated cells were targeted
by SARS-CoV-2 (Fig. 4 E and F). RT-qPCR analysis showed that
the viral RNA copies in the lungs were increased at 4 dpi and then
gradually decreased from 7 dpi to 14 dpi (Fig. 4G).

To test for the development of pneumonia in this strain, we
performed histological analysis. H&E staining and histological
scores showed that increased alveolar wall thickness, alveolar con-
gestion, and fibrosis were observed at 4 dpi (Fig. 4 A and /). These
pathological features were more severe in peribronchiolar regions,
especially the extravasation of blood cells detected at 7 dpi (Fig. 4
H and /). While the pathological symptoms were significantly
reduced at 14 dpi, the blood cells were still leaky in the bronchiolar
lumen (Fig. 4H). Furthermore, quantification of the IHC staining
data showed that the immune cells significantly infiltrated the
lungs at 4 dpi and then gradually decreased from 7 dpi to 14 dpi,
indicating a recovery period after infection, which was consistent
with the pathological features observed by H&E staining and by
RT-qPCR analysis (Fig. 4 / and K). The above data demonstrate
that the ciliated-hACE2 mice could mimic the hACE2 expression
of human ciliated cells and could be used to induce pneumonia

after SARS-COV-2 infection (Fig. 47).

Comparison of Ubiquitous and Tissue-Specific Expression of
hACE2 Mouse Models. We next compared our hACE2 models
with a previously reported CAG promoter—driven hACE2 model
(24, 25). The main component of this tool was the CAG-hACE2-
IRES-Luciferase sequence (hereafter called CAG-hACE2 mice)
(SI Appendix, Fig. S4A). We then performed a side-by-side
comparison of viral titers and lung pathology of the CAG-hACE2
mice with our AT2-hACE2, club-hACE2, and ciliated-hACE2 models
at 4 dpi. Immunostaining for SARS-CoV-2 spike (S) protein on
lung sections showed that the SARS-CoV-2 virus infected the cells
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Tam, tamoxifen. tdT, tdTomato. A-tubulin, Acetylated-tubulin. (Scale bars, yellow, 1 mm; white, 100 pm; black, 200 pm.)

of the bronchiolar and alveolar regions broadly in CAG-hACE2
mice, while virus more specifically infected distinct epithelial cells
of our three hACE2 mouse models (Figs. 2H, 3E, and 4E and
SI Appendix, Fig. S4C). H&E staining and IHC staining for CD45
on lung sections showed that increased alveolar wall thickness,
alveolar congestion, fibrosis, and inflammatory cell infiltration
were detected in the CAG-hACE2 mice (SI Appendix, Fig. S4C).
Statistical analysis showed that the viral RNA copies, histological
score, and inflammatory cell infiltration were highest in CAG-
hACE2 mice compared with our three hACE2 mice, especially the
alveolar congestion (SI Appendix, Fig. S4 B, D, and E). Therefore,

https://doi.org/10.1073/pnas.2207210120

combined with cell-specific Cre drivers, our hACE2 tool could be
used to induce hACE2 expression in any cell type of interest and can
be applied to study the inflammatory responses on specific cell types.

Discussion

The classical manifestation of COVID-19 is pulmonary infection.
After entry into the host cell via hACE2, the SARS-CoV-2 virus
can replicate in pulmonary epithelial cells, especially the AT2 cells
that are crucial for maintaining normal lung function. hACE2
mouse genetic tools based on the K718 and HFH4 promoters
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could only express the transgene in limited epithelial cell types,
while CAG is active in all cell types, both of which do not fully
mimic ACE2 expression in humans. In the first part of this study,
we first generated an mAce2-2A-CreER line and revealed that
mAce2 was not a suitable locus for driving the expression of
hACE2. We found that the mAce2 was mainly expressed in bron-
chiolar club cells of the lung, pericytes of the heart and brain, and
a subset of epithelium in other organs, but not expressed in the
trachea, stomach, esophagus, eye, liver, aortic, and muscle, which
has been reported to express ACE2 in humans (6-8, 12, 28,

PNAS 2023 Vol.120 No.25 2207210120

30-32). We further found that the mAce2" cells were progenitors
and participated in the regeneration of the damaged epithelium
after bronchiolar injury and alveolar injury. The proportion of
mAce2-CreER-labeled club cells was reduced after naphthalene
injury, which was more likely due to the compensation of other
progenitor-derived club cells, such as the mAce2™ basal cells and
mAce2” neuroendocrine cells (33-36).

We then generated an inducible hACE2 transgenic mouse
model that enables hACE2 expression in any cell type of interest.
To characterize our hACE2 model, we generated three genetic
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lines for targeting AT2, club, and ciliated cells and revealed that
hACE2 and tdTomato were specifically and efficiently expressed
in these three type cells. For functional verification of our model,
we performed SARS-CoV-2 infection experiments and then eval-
uated pneumonia at multiple time points by RT-qPCR and his-
tological analysis. We detected that the SARS-CoV-2 spike protein
(S) was specifically localized to the targeted cells of the AT2-hACE2,
club-hACE2, and ciliated-hACE2 mice, respectively. Moreover, we
showed that the pathological features of viral RNA copies, histo-
logical scores, and inflammartory cell infiltration were significantly
increased in the ecarly stage of infection, and then gradually
decreased from 7 dpi to 14 dpi, indicating that viral load was being
eliminated and the pneumonia was resolving, which is consistent
with the progression of COVID-19 in most patients (3, 5, 14).

Although the pathological development trends were consistent,
we still found differences between these three cell type—specific
hACE2 mouse models. The histological score and infiltrated
immune cells were highest in A72-hACE2 mice, indicating that
the alveolar region was more susceptible to SARS-CoV-2 infection
and more severely damaged, which was consistent with diffuse
alveolar damage in patients (3, 14, 37). However, in c/ub-hACE2
and ciliated-hACE2 mice, the pathological features were more
noticeable in peribronchiolar regions, which is consistent with a
few reported clinical cases but was not highlighted in the previous
hACE2 mouse model (38). This feature also suggests that the
phenotype of pneumonia could be affected by injured cell types
or injured regions. The proportion of hACE2 expression in the
human lung epithelium ranged from 1% to 7% in scRNA-seq
data and was detected more by RNA in situ hybridization (~40%
in AT?2 cells)(6, 7, 28), while hACE2 expression in our mouse
model was significantly higher (>97%). This was very likely due
to the hACE2 expression in our mice being controlled by the
ubiquitously strong CAG promoter after induction. Moreover, we
compared our model with a published CAG promoter—driven
hACE2 model (CAG-hACEZ2) and showed that the viral titers were
highest and the pneumonia was most severe in CAG-hACE2 mice
after infection, compared with our three epithelially expressed
hACE2 mouse models. Of note, a structurally similar hACE2
mouse as ours have been reported (39), but the previous study
lacks the functional assessment by SARS-CoV-2 infection, and
also has shortcomings caused by the transgenic generation strategy
with low induction efficiency and uncertain copy numbers (39).

SARS-CoV-2 can infect a variety of tissue cells and its infection
can result in multiple organ failures in patients because of the
broad expression of the ACE2 receptor (14). However, many cell
types express ACE2 in humans, but some of these cell types in
mouse do not express endogenous Ace2 (7, 8, 11-13, 40). Lacking
the ability to study these cells with existing hACE2 tools makes
us unable to accurately elucidate the complex infection mechanism
caused by SARS-CoV-2 at the organ or cellular levels. Combined
with cell-specific Cre drivers, our mouse line could be used for
inducing hACE2 expression in any cell type of interest. As the
expression of hACE2 and tdTomato was mediated by Cre-loxP
recombination, the Cre” cells and their progenies could also be
permanently tracked by reporters, such as tdTomato. Coupled
with a genetic lineage tracing strategy, our hACE2 transgenic
model may allow researchers to model COVID-19-related pathol-
ogies in any cell type for in-depth studying of the underlying
disease mechanism and for therapeutic screening in vivo.

Materials and Methods

Mice. All mouse experiments were strictly performed within the guidelines
of the Institutional Animal Care and Use Committee (IACUC) of the Institute
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of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences and the Key Laboratory of Medical Molecular
Virology (Ministry of Education/National Health Commission/ Chinese Academy
of Medical Science), Shanghai Institute of Infectious Disease and Biosecurity,
School of Basic Medical Sciences, Shanghai Frontiers Science Center of Pathogenic
Microbes and Infection, Fudan University. The animal protocol number is SIBCB-
$374-1702-001-C1. Sftpc-CreER, Scgb Ta1-CreER, R26-tdTomato, and CAG-hACE2
mouse lines were described previously (25, 29,41, 42). mAce2-2A-CreER mouse
line was generated by inserting 2A-CreER component after endogenous mAce2
gene via homologous recombination. The R26-hACE2-tdT mouse line was gen-
erated by knocking CAG-loxp-stop-loxp-hACE2-IRES-tdTomato into intron 1 of
Rosa26 gene locus through homologous recombination. mAce2-2A-CreER, R26-
hACE2-tdT, and Foxj1-CreER mouse lines were generated by Shanghai Model
Organisms Center, Inc. All mice were kept at C57BL6/ICR mixed backgrounds.
Al mice for SARS-CoV-2 infection were maintained in animal BSL3 facility at
Fudan University. Tam (Sigma, T5648) treatment was carried out by oral gavage
(0.2 mg/q).

SARS-CoV-2 Infection. Groups of hACE2 mice were treated with tam at adult
stage, then infected intranasally with 2 x 10* PFU of SARS-CoV-2 Delta variant
(B.1.617.2) after 3 wk. R26-hACE2-tdT mice were control group and intranasally
treated with sterile (phosphate-buffered saline) PBS. Tissues were collected 4, 7,
and 14 d after infection for measurement of virus RNAloading and inflammation
by using RT-qPCR and immunohistology. The virus was propagated in Vero-E6 cells
and stored at —80 °C. All experiments involving SARS-CoV-2 were performed in
the BSL3 facility at Fudan University.

Bronchiolar Injury. The bronchiolarinjury was induced by naphthalene (Sigma
84679)as previously described (43). Naphthalene was dissolved in sterile corn oil
ata concentration of 25 mg/mL. The mAce2-2A-CreER;R26-tdTomato mice were
treated with tam at 7 wk, and then treated with 250 mg/kg naphthalene or vehicle
(corn oil) at 10 wk for bronchiolar injury. Then, the lung tissues of naphthalene-
treated mice were collected after 4 wk for analysis.

Alveolar Injury. The alveolar injury was induced by bleomycin (Sigma B8416)
as previously described (43). Bleomycin was dissolved in sterile PBS at a con-
centration of 10 U/mL. The 10 U/mLbleomycin was stored at -80 °C and diluted
to 1 U/mL with PBS before use. The mAce2-24-CreER;R26-tdTomato mice were
treated with tam at 7 wk, and then treated with 2 U/kg bleomycin or vehicle (PBS)
at 10 wk for alveolarinjury.Then, the lung tissues of bleomycin-treated mice were
collected after 4 wk for analysis.

Tissue Whole-Mount Fluorescence Microscopy. After washing off the blood
in PBS, the tissues were fixed in 4% PFA (paraformaldehyde) at 4 °Cfor 1 h, then
washed several times in PBS. Whole-mount bright-field and fluorescence images
of the tissues were acquired by Zeiss stereoscope (Axio Zoom.V16) and analyzed
by ImageJ software.

Tissue Collection and Immunofluorescent Staining. The immunofluorescent
staining protocol was performed as described previously by Liu et al. (43). Briefly,
mice were killed and tissues were collected in 12-well plates, then fixed in 4% PFA for
1 hat4°C. After washing in PBS, the tissues were then dehydrated in 30% sucrose
(dissolved in 1x PBS) overnight at 4 °C. Then, the tissues were embedded in OCT
(Sakura) and stored at —80 °C.Ten micrometers of frozen sections was collected on
slides. Forimmunofluorescent staining, the slides were first air-dried at room tem-
perature (RT) and then washed in PBS to remove OCT. Next, the slides were blocked
in 5% PBSST block buffer (0.1% Triton X-100 and 5% donkey serum in 1x PBS) for
30minat RT, thenincubated with primary antibodies at 4 °C overnight. Primary anti-
bodies used were E-cadherin (R&D system, AF748, 1:500), NG2 (Millipore, AB5320,
1:500), human ACE2 (R&D system, AF933, 1:300), ScghTa1/Uteroglobin (Abcam,
ab213203, 1:300), tdTomato (Rockland, 600-401-379), acetylated-tubulin (Sigma,
T7451,1:500), T1a (DSHB, 8.1.1,1:100), and Sftpc (Millipore, AB3786, 1:200). The
next day, the slides were washed several times in PBS to remove primary antibodies
and then incubated with secondary antibodies for 30 min at RT. Next, after washing
several times in PBS, the slides were mounted ona mounting medium. The secondary
antibodies were Alexa donkey anti-rabbit 555 (Invitrogen, A31572, 1:1,000), Alexa
donkey anti-goat 488 (Invitrogen, A11055, 1:1,000), Alexa donkey anti-goat 647
(Invitrogen, A21447,1:1,000), Alexa donkey anti-mouse 647 (Invitrogen, A31571;
1:1,000, 1:1,000), and Alexa donkey anti-rat 647 (Invitrogen, A21247, 1:1,000).
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Immunostaining images were acquired by Olympus FV1200 confocal system and
Nikon A1 confocal system. The ImageJ (NIH) software was used to analyze images.

Histology and Immunohistochemistry Staining. The tissues of SARS-CoV-2-
infected mice were first fixed in 4% PFA for 5 d at 4 °C.Then, the tissues washed
in PBS for several times and dehydrated with a series of increasing concentrations
of ethanol. After ethanol dehydration, the samples were placed in a transparent
agent(xylene). Next, the tissues were embedded in paraffin. Sections (4 pm) were
cutfrom embedded blocks and collected on negatively charged slides, which were
sequentially baked at 62 °Cfor 2 h and deparaffinized in xylene and rehydrated
using ethanol with concentration gradient.

For H&E, the staining was performed using standard methods. Briefly, the
sections were washed in PBS and then stained in hematoxylin solution for 5 min
to stain the nuclear. The sections were cleared with 1% hydrochloric acid in 70%
ethanol and 1% ammonia for 1 min each followed by washing in water. Then,
the sections were rinsed in 95% ethanol for 10 s followed by staining in eosin for
10 s to stain the cytoplasm. Dehydrate procedure included fixing in 95% ethanol
for 10's,in 100% ethanol for 2 min twice, and in xylene for 5 min twice. Finally,
the sections were covered by neutral resins for visualization.

For IHC, the sections were incubated in 1x ethylenediamine tetraacetic
Acid (EDTA) repair solution and heated at 95 to 98 °C for 20 min, then incu-
bated with 3% hydrogen peroxide at RTfor 10 min to inactive the endogenous
peroxidase. Next, the sections were blocked with 5% normal donkey serum
in PBST(0.2% Triton X-100 in PBS). After that, the sections were stained with
primary antibodies at RT for 1 h. Primary antibodies used were tdTomato
(Rockland, 600-401-379, 1:1,000) and SARS-CoV Spike (Sinobiological,
40150152, 1:1,000). Then, the sections were washed with PBS for three times
and incubated with peroxidase-conjugated horseradish peroxidase (HRP) sec-
ondary antibody for 30 min at RT. After washing with PBS for three times, the
signals were detected by using 3,3’ Diaminobenzidine Tetrahydrochloride
(DAB) for about 5 min. Then, the sections were counterstained with hematox-
ylin to label the nuclei for about 15 min. For fluorescence, the signals were
detected by using Tyramide Signal Amplification (TSA) reagents (Novo-light TSA
kit, M-D110031). Then, the sections were mounted on a mounting medium
after washing for confocal analysis.

Histopathological Analysis. The histopathological score was used for assessing
the degree of lung damage by H&E staining and inflammatory cell infiltration.
The lung damage includes parenchymal wall expansion, alveolar wall thickness,
alveolar congestion, hemorrhage, and immune cell infiltration. The degrees are
as follows: score 0, no damage; score 1, the area of damage was less than 25%;
score 2, the area of damage was 25 to 50%; score 3, the area of damage was 50
to 75%; and score 4, the area of damage was over 75%. Five random fields of
each section were scored under the microscope at a magpnification of 10x field for
histopathological assessment. The average score of five fields was the individual
H&E score of the lung injury.
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RNA Extraction and Quantitative Reverse Transcription PCR. Viral RNA
of individual tissues from SARS-CoV-2-infected mice was extracted with TRIzol
reagent (Invitrogen, 10296010) according to the protocols. Quantitative Reverse
Transcription PCR (RT-qPCR) targeting the orf gene of SARS-CoV-2 was performed
to quantify the viral RNA with the following primers and probes:

SARS-CoV-2-ORF1ab-F: CCCTGTGGGITITACACTTAA;
SARS-CoV-2-ORF1ab-R: ACGATTGTGCATCAGCTGA;
SARS-CoV-2-ORF1ab-probe:5’-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-

BHQ1-3".

One-Step PrimeScript RT-PCR Kit (Takara, Japan, RR064) was used for per-

forming RT-qPCR.

Statistical Analysis. For quantification the percentage of tdT*SARS-CoV-2*
cells among tdT™ cells, five 20 x fields were analyzed per mouse. All data were
obtained from at least three independent experiments as indicated in figure
legends and presented as mean values + SD.Two-tailed unpaired Student's t test
was used for statistical comparison between two groups. P < 0.05 was accepted
as statistically significant.

Data, Materials, and Software Availability. This paper does not report original
code, and all study data are included in the article and/or SI Appendix.
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