Distinct disease severity between children and older adults with COVID-19: Impacts of ACE2
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Summary: Compared to children, ACE2 positive cells in the older adults are generally
reduced and mainly distributed in lower pulmonary tract. The lung progenitor cells are also
decreased. These risks may impact disease severity and recovery from pneumonia caused by

SARS-Cov-2 infection in older patients.
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Abstract

Background: children and older adults with coronavirus disease 2019 (COVID-19) display a

distinct spectrum of disease severity yet the risk factors aren’t well understood. We sought to
examine the expression pattern of angiotensin-converting enzyme 2 (ACE2), the cell-entry receptor
for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and the role of lung progenitor

cells in children and older patients.
Methods: We retrospectively analysed clinical features in a cohort of 299 patients with COVID-19.

The expression and distribution of ACE2 and lung progenitor cells'were systematically examined
using a combination of public single-cell RNA-seq datasets, lung biopsies, and ex vivo infection of
lung tissues with SARS-CoV-2 pseudovirus in children and older adults. We also followed up patients

who had recovered from COVID-19.
Results: Compared with children, older patients (> 50 yrs.) were more likely to develop into

serious pneumonia with reduced lymphocytes and aberrant inflammatory response (p = 0.001). The
expression level of ACE2 and lung progenitor cell markers were generally decreased in older
patients. Notably, ACE2 positive cells were mainly distributed in the alveolar region, including SFTPC
positive cells, but rarely in airway regions in the older adults (p < 0.01). The follow-up of discharged

patients revealed a prolonged recovery from pneumonia in the older (p < 0.025).
Conclusion: Compared to children, ACE2 positive cells are generally decreased in older adults and

mainly presented in the lower pulmonary tract. The lung progenitor cells are also decreased. These
risk factors may impact disease severity and recovery from pneumonia caused by SARS-Cov-2
infection in older patients.

Keywords COVID-19, disease severity, patients’ ages, ACE2 expression and distribution, lung

progenitor cells.



Introduction

The pandemic of Coronavirus Disease 2019 (COVID-19) due to the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection has affected over 73 million people over 1,630,000
of whom have died in the last 10 months (https://coronavirus.jhu.edu).[1] Currently, many
therapeutic strategies are being explored in ongoing clinical trials, including antiviral drugs, biological
response modifiers, and RAAS inhibitors. Ultimately, the development of effective vaccines is key to
combat COVID-19 and appropriate measures are being taken [2, 3] Unfortunately, the understanding
of how SARS-CoV-2 infection-provoked lung injury is not clear. Epidemiological studies indicate a
broad spectrum of disease severity in children and older adults. Compared with the older adults,
children and young adults generally display much milder symptoms with a lower mortality (< 1%),
whereas mortality can be as high as 15% in older adults (> 50 yrs.).[4] The underlying factors for this
variance in disease severity remain elusive.[5, 6] Lung is a main target of SARS-CoV-2. Pathological
changes after SARS-CoV-2 infection include extensive necrotizing bronchiolitis and severe
alveolitis.[7] Lung repair is associated with lung progenitor cells-modulated regeneration,[8] and
ACE2 is the cell-entry receptor of SARS-CoV-2.[9] Nonetheless, little is known about the differences
in clinical features, laboratory parameters, profiles of ACE2, and lung progenitor cells between
infected children and adults. Several reports suggest that ACE2 expression increases with age,
particularly in adults who smoke or have lung cancer.[10, 11] The increased ACE2 expression in adult
lungs is thought to be arisk factor for the consequences of COVID-19.[12] Nevertheless, there is no
direct evidence to support this assumption. In this study, we retrospectively analysed the clinical
characteristics of 173 children and 126 adult patients with COVID-19. Meanwhile, we examined ACE2
expression, distribution, and lung progenitor cells in lung biopsy samples from 26 children and 24

adults.



Methods

Study Design and Patients

Patients with COVID-19 were enrolled from four hospitals in China, including Taihe Hospital of Hubei
University of Medicine, the Third People's Hospital of Shenzhen, Wuhan Children’s Hospital and
Guangzhou Women and Children's Medical Centre. Patients who fulfilled the following criteria were
included: (1) diagnosed with laboratory-confirmed COVID-19 according to the WHO guideline [13]
and the recommendation of the National Health Commission of the People's Republic of China
(NHC).[14]; (2) age < 80 years; (3) written informed consent was obtained. Briefly, SARS-CoV-2 was
detected by quantitative polymerase chain reaction (qPCR) with samples from nasopharyngeal
swabs. Infection was defined as at least two positive test results. Disease severity was classified into
five levels from asymptomatic to critically ill according to the recommendation of NHC and WHO
guidelines.[14] The medical history of adult patients was summarized in Supplementary Table 1.
Clinical data, laboratory parameters, radiological findings were acquired from electronic medical
records. The data collection forms were reviewed independently by 3 researchers. This study was
approved by the Institutional Review Board of the four hospitals respectively. Written informed
consent was obtained from patients and/or guardians before data collection.

Pseudovirus generation and infection

The coding-sequence of spike protein (SARS-CoV-2, QHR63250) was cloned into pVAX-1 plasmid
upon verification <of Sanger-sequencing, and transfected into 293T cells with human
immunodeficiency virus type | pNL4-3GFP* Env' Vpr~ backbone to package GFP-expressed SARS-CoV-2
pseudovirus as previously described.[15] 48 hours later, pseudovirus-containing supernatant was
collected and frozen at -150 °C. For ex vivo infection, lung tissue from children and older patients
were cut into small tissue blocks (2-3 mm?®) and incubated with pseudovirus supernatant in 24 well
tissue culture plates for 48 hours or 293T culture medium. Green fluorescent protein (GFP) and ACE2

were detected by IHF staining of frozen sections.



Immunostaining

Paraffin-embedded sections were deparaffinized and incubated with primary antibodies at 4°C
overnight, and secondary antibodies at room temperature for 1h as described previously.[16]
Pseudoviral-infected tissue was embedded for cryosection. After rehydration, tissue sections were
incubated with primary antibodies (4°C overnight), secondary antibodies (1h, room temperature)
and DAPI. To exclude non-specific fluorescent staining of ACE2, only second antibody IgG with
fluorescent conjugation was simultaneously used in slides as negative control and the ACE2
immunostaining in kidney sections was set as a positive control.[17] Fifty lung tissue biopsy samples
in which 26 are from children and 24 from adults, were used for immunostaining against ACE2.
ACE2" cells were captured at different angles to generate 20 random views in a single lung slide for
each patient. All slides with positive immunostaining signals were determined by two independent
reviewers. The distribution of ACE2" cells was determined as the average cell number per 0.025 cm®

lung tissue.[18] Antibodies are described in the supplementary materials.

Bioinformatic data of single-cell sequencing in lung cells.

Twelve single-cell RNA-sequencing datasets of healthy lung tissues from three studies were used to
explore the co-expression of genes. Four samples, “LMEX0000001623” (Homo sapiens, 1-day old,
2,342 cells), “LMEX0000001624” (Homo sapiens, 1-day old, 2,000 cells), “LMEX0000001625” (Homo
sapiens, 21-month old, 2,000 cells), and “LMEX0000001626” (Homo sapiens, 9-year old, 2,000 cells)
were obtained from the LungMAP Consortium [UO1HL122642] and downloaded from
(www.lungmap.net) on May 4th, 2020.[19] Five samples, “Hum1” (Homo sapiens, 76-year old, 2,193
cells), “Hum2” (Homo sapiens, 88-years old, 2,997 cells), “098C” (Homo sapiens, 41-years old, 2,849
cells), “133C” (Homo sapiens, 32-years old, 2,074 cells), and “222C” (Homo sapiens, 65-years old,

2,825 cells) were from GEO accession number GSE133747.[20] Three samples, “Patient 1” (Homo
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sapiens, 75-years old, 3,987 cells), “Patient 2” (Homo sapiens, 46-years old, 4,606 cells), and “Patient
3” (Homo sapiens, 51-years old, 3,714 cells) were obtained from the Human Lung Cell Atlas
project.[21] The raw read counts of each gene in each cell were downloaded in either the “tab-
delimited table”, “Matrix Market” or “Seurat” format, and loaded and processed using R 3.6.1. We
aggregated the reads from all cells in each sample and normalized the expression of each gene using
TPM (Transcripts Per Million). The coefficients were calculated using the “GGally” and visualized

using “ggplot2”.

Statistical analysis

Kruskal-Wallis test was utilized to analyse the blood and laboratory biochemical measurements in
COVID-19 patients. The distribution of age and clinical severity, follow-up data, and ex vivo infection
data were examined by Chi-square test or Fisher’s exact test. ACE2 expression and distribution were
analysed by students’ t test or ANOVA. gPCR results were analysed using unpaired t test. Data are
presented as mean + SD, and p < 0.05 was considered significant. Statistical analysis was performed

using SPSS software (version 20.0, IBM, Armonk, NY, USA).

Results

A different spectrum of disease severity in young and older patients with COVID-19

In this retrospective study, 299 patients with COVID-19 were enrolled from four different hospitals in
China between January 17, 2020 and March 25, 2020 (Figure 1A), including 173 children and 126
adult patients (Supplementary Table 1). There was no remarkable difference between males and
females on the distribution of ages (Chi-square test, p = 0.995; Figure 1B), whereas a significant
relationship was revealed between disease severity and age (Figure 1B, Chi-square test, p = 0.001).

First, patients aged over 50 yrs.-old were more likely to develop into severe (35.1%) and critical



(2.7%) pneumonia, whereas only 0.6% in severe and no critical pneumonia observed in patients aged
below 16 yrs. Second, the older patients had more severe symptoms comparing to the counterpart
of children patients, including fever, cough, and sore throat (Chi-square or Fisher’s exact test, p <
0.05). Third, ICU admission was more common in older patients (Chi-square test, p = 0.001). Our
results suggested older patients (> 50 yrs.) were more vulnerable to COVID-19 than younger adults

and children.[4]

Compared with children, white blood cell, lymphocyte, and platelet count were significantly
decreased in adult patients with COVID-19, while the number of neutrophils, neutrophil over
lymphocyte ratio, high-sensitivity C-reactive protein (hs-CRP), prothrombin time (PT), fibrogen (FIB),
and total bilirubin were increased (Figure 2, Kruskal-Wallis test, p < 0.0001). Moreover, compared
with children, alanine aminotransferase, creatine, and creatine kinase significantly increased in adult
patients (Figure 2). These laboratory findings indicated that adult patients were more sensitive to

SARS-CoV-2 infection with multiple organs affected, which agreed with the previous report.[22]

The distinct expression and distribution of ACE2 in lungs of children and older patients

ACE?2 is a cell-entry receptor for SARS-CoV-2 to invade the human respiratory system.[23]
Recent studies indicate the high vulnerability of older adults to COVID-19 are possibly
associated with ACE?2 expression in the respiratory system.[11, 12, 22] To assess the role of
ACE2 in SARS-CoV-2 infection and the potential relation between ACE2 expression and
disease severity, we examined the spectrum of ACE2 expression and distribution in the lung
tissue of age-matched children and adults (Supplementary Table 2 and 3).

First, a histological examination was performed to ensure the quality of structures of bronchus and
alveolus presented in patient’s lung tissue sections (Figure 3A i, ii, vii, and viii). Compared with

children’s lung sections, shrivelled epithelial layer, atrophic muscle layer, and reduced ciliated cells



were presented in the bronchus of older adults, indicating bronchus degeneration with aging [24].
Second, lung tissue sections were subjected to immunostaining for human ACE2 using kidney as a
positive control, and isotype 1gG was used to exclude non-specific sighals (Figure 3A iii-vii and x-xiv).
The expression and distribution of ACE2 were determined in 26 lung samples from children (aged 2
months to 12 yrs.) and 24 lung samples from adults (aged 16 yrs. to 80 yrs.). The results revealed
that ACE2 positive (ACE2") cells were sporadically distributed in all lung regions, including the
bronchus (Br) and pulmonary alveolar (PA) areas (Figure 3A iii-v and x-xii). Due to increasing
mortality in COVID-19 patients aged over 10 years,[4] samples were grouped as 0-10Y, 10-50Y, 50-
60Y, 60-70Y and > 70Y based on patient ages, at least 3 patients’ lung samples in each grouped age
were subjected to analysis. 20 images were randomly captured from different view-fields of the slide
for each sample.[18] Unexpectedly, our results indicated that ACE2" cells were highly enriched in
lung tissues of children and gradually decreased with increased age. Of note, ACE2" cells were
significantly decreased in older adults (50-70 yrs.) compared with children (Figure 3B i, One-way
ANOVA, p = 0.001), but there was no remarkable difference between 10-50 yrs.-group and 0-10 yrs.-
group (Figure 3B i, One-way ANOVA, p > 0.05). In a comparison of ACE2" cells between 26 children (<
16 yrs.) and 14 older adults (> 50 yrs.), it revealed significantly decreased ACE2" cell numbers in older
adults (Figure 3B ii, Mann=-Whitney test, p < 0.0001), in agreement with the reduced ACE2 mRNA
expression level detected in the lung biopsy samples from age-matched children and older adults
(Figure 3B iii, Mann-Whitney test, p = 0.05, n = 5 respectively). These results indicate that the ACE2
expression level is irrelevant to the distinct spectrum of disease severity between children and older

adults.

Because SARS-CoV-2 could infect ACE2" cells in the regions of bronchus and alveoli, we further
examined the distribution of ACE2" cells only expressed in these regions in the lungs of children and

older adults. We observed a reduction of ACE2" cells in the bronchial region with increased age but



no such reduction in the pulmonary alveolar region (Figure 3C i, Kruskal-Wallis test, p = 0.0005;
Figure 3C ii, Kruskal-Wallis test, p = 0.0986), indicating that the alveolar region in older adults is at
high-risk of SARS-CoV-2 infection. When compared with children (< 16 yrs.), ACE2" cell number was
remarkably decreased in older adults (> 50 yrs.) in the bronchial region (Figure 3C iii, One-way
ANOVA, p < 0.0001), but not obviously so in the alveolar region (Figure 3C iii). With degenerative
changes of the bronchus in older individuals, ACE2" cells were mainly located in the alveolar region
that may facilitate easy infection at the lower respiratory tract by SARS-CoV-2 and develop into

severe pneumonia.

Profile of Lung progenitor cells in Children and Older Adults

Lung progenitor cells play a putative role in lung development, injury and repair following
SARS-CoV-2 infection and influenza virus-induced respiratory failure.[25, 26] Recent
studies indicate that ACE2 is expressed in certain lung cells including lung progenitor cells at
different stages of lung development.[19-21] To evaluate the expression profile of ACE2 in
lung progenitor cells that may contribute to the disease severity of COVID-19 in children and
older adults, we analysed the co-expression of ACE2, TMPRSS2, and lung progenitor marker
genes using three public single-cell RNA-seq datasets of human lungs, including 12 samples
from 4 children, 3 young adults and 5 elder adults [19-21]. Pearson correlation coefficient
(PCC) was used to predict the possibility of co-expressions among each pair of “SFTPC”,
“PDPN”, “ACE2”, “TMPRSS2”, “KRT5”, “TP63”, “SOX2”, “NKX2-1”, “SOX9” and
“SCGB1A1” based on their TPM in 12 samples of datasets in tissue level[27]. The results
showed that most of lung progenitor genes were not strongly coupled with ACE2 in lung
tissues except for SFTPC and PDPN (Figure 4A i, PPC value >0.5). Second, we counted the

percentage of cells with at least two reads in “ACE2”, “TMPRSS2”, and another progenitor
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marker gene for each sample. 12 sets of samples were grouped together in a box plot to
evaluate the co-expressions of ACE2 and each lung progenitor gene in individual cells. The
results suggested that ACE2 was mainly expressed in the type Il alveolar cell (AT II,
SFTPC™) with a high possibility (Figure 4A ii). Taken together, our data analysis suggests
that ACE2 is mainly detected in AT Il cells but rarely in type | alveolar cell (AT 1 cells,
PDPN™) and other lung progenitor cells (KRT5, TP63, SOX2, SOX9, SCGB1A1, and NKX2-1

expressed cells.).

Next, immunostaining was performed to confirm the bioinformatic analysis using paraffin-
embedded lung tissue sections from children and older adults. In agreement with the above
bioinformatic analysis, ACE2 was only detected in SFTPC positive cells but rarely KRT5, NKX2.1, SOX2,
TP63, PDPN, or SCGB1A1 positive cells (Figure 4B). The SFTPC positive cells serve as AT Il cells, while
basal, bronchial, and bipotent progenitor cells (KRT5"/TP63", NKX2.17/SOX2", SCGB1A1*/SFTPC" or
PDPN*/SFTPC) can differentiate into bronchial or AT Il cells during lung injury-repair or disease.[28-
30] These results highlighted that these progenitor cells may not be main targets by SARS-CoV-2.
Finally, the expression level of progenitor marker genes was examined in lung tissues of children and
older adults by gqPCR. Compared with children, dramatically reduced mRNA expression of lung
progenitor markers was observed including KRT5, KRT8, TP63, NKX2.1, SOX2, SOX9, ATNX1, and
SCGB1A1 in lung tissues of older adults, indicating a weaker regenerative potential in older adults

(Figure 4C, unpaired t test, p < 0.05).

Transmembrane Serine Protease 2 (TMPRSS2), the co-factor for viral entry upon SARS-CoV-2
infection, was abundantly expressed in a variety of cells including in human lung tissues. [31-35] We
further examined the co-expression profiles of TMPRSS2, ACE2, and lung progenitor marker genes by
using published single cell RNA sequencing datasets. In line with previous reports, [32-35] it revealed
TMPRSS2 was widely expressed in almost all lung cells (Supplementary Figure 1A). TMPRSS2 was

also detected in ACE2" cells although ACE2 positive cells are generally few in lung tissues (Figure

11



4A 1, Supplementary Figure 1A and 1B). Importantly, our results indicated that TMPRSS2 was widely
expressed in human lung tissue, including bronchus, submucosa, and alveoli, and no significant
difference between children and older adults (Supplementary Figure 1C i-iii). These data suggested
TMPRSS?2, different from ACE2 which was mainly expressed in AT II specific cells, was much more

abundantly expressed in lung tissues.

Ex vivo infection with SARS-CoV-2 pseudovirus and follow-up of patients with COVID-19

We used a spike driven GFP-expression SARS-CoV-2 pseudovirus to determine the capacity of SARS-
CoV-2 infection in fresh lung tissues from children and older adults. These lung biopsies were
obtained from three children (< 10 yrs.-old) and three older adults (> 50 yrs.-old) respectively during
surgery for lung abscess disease and lung cancer. After 48 hours of SARS-CoV-2 infection at a
concentration of 1 x 10°TU, we examined the infection capacity of SARS-CoV-2 in lung tissues by GFP
signal. Only ACE2 but no GFP signal was detected in control lung tissue without SARS-CoV-2 infection
(Figure 5A, i and v). In contrast, lung tissues infected with SARS-CoV-2 pseudovirus presented strong
co-expression of GFP and ACE2 signals. In addition, GFP positive cells were exclusively found in
ACE2" cells, and no GFP positive cell was found in ACE2 negative cells. This suggests that ACE2" cells
are the main targets of SARS-CoV-2 in COVID-19. Importantly, no difference was found in the
susceptibility of lung tissues to SARS-CoV-2 infection between children and the older (Figure 5A;
Figure 5B, p = 0.9). Almost all ACE2" cells (red) were infected by SARS-CoV-2 pseudovirus (green) in

lung tissues, suggesting children and older adults are similarly susceptible to SARS-CoV-2 infection.

To further evaluate the capacity of lung repair in children and older adults, a 2-month follow-up was
conducted after discharge in 12 children (aged 2 months to 15 yrs.), 17 young adults (aged 18-50
yrs.), and 10 older patients (aged 52-75 yrs.) with moderate pneumonia. The data revealed a
remarkable difference in their recovery capacity from pneumonia (Figure 5C-E, Chi-square test, p =

0.0025). Nine (9/12; 75%) children had completely recovered from pneumonia, while three (3/12;
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25%) children were considered partially recover since the lesion in lung was not absorbed
completely based on the radiological images. In contrast, only one (1/10; 10%) older patient
recovered completely, while 9 (9/10; 90%) patients recovered partially with residual lung lesions.
Four (4/17, 23.5%) patients in the young adults recovered completely, while 13 (13/17, 76.5%)
patients recovered partially (Figure 5D, E). Notably, of the 10 older patients, one had evidence of

lung fibrosis detected on a CT scan (Figure 5C).

Discussion

Among patients suffered from SARS-CoV-2 infection, the older are more likely to become severely
and critically ill with higher mortality than children and young adults.[22] Older patients with
comorbidities and acute respiratory distress syndrome (ARDS) are at risk of increased mortality.[36,
37] Nonetheless, little direct evidence was available about the spectrum of disease severity linked
with the expression pattern of ACE2 and lung progenitor cells. ACE2 is the cell-entry receptor for
SARS-CoV-2, and lung progenitor cells are critically involved in lung repair and regeneration after
injury. We systematically assessed the profile of ACE2 and lung progenitor cells in children and older
patients using a combination of clinical cohort analysis, public single-cell RNA-seq datasets, and lung

biopsies. This study presents several key findings.

First, in patients who suffered from SARS-CoV-2, older patients (> 50 yrs.) were particularly
vulnerable to COVID-19 (Figure 1). In those aged above 50 yrs., 35.1% and 2.7% developed into
severe and critical pneumonia respectively, compared with children (< 16 yrs.-old) of whom only
0.6% presented with severe pneumonia and the others suffered a mild or moderate illness. This
distinct variance in disease severity between children and older patients was also reflected by the

laboratory parameters of inflammation (Figure 2).
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Second, our study revealed the patterns of ACE2 expression and distribution in lungs were
different in children and older patients. Higher expression levels of ACE2 were remarkably
presented in children’s lungs in our clinical samples compared with adult patients including
those patients with smoking and cancer history (Supplementary Table 2 and 3, Figure 3). Our
finding suggests that the ACE2 expression level is not sufficient to determine the higher
vulnerability of COVID-19 in older patients. Recent reports indicated that ACE2 was highly
expressed in the sinonasal cavity and pulmonary alveoli, proposing sites of ACE2 distribution
were more important in disease transmission and disease severities in patients with COVID-
19.[38] We therefore examined sites of ACE2 distribution and found a remarkable difference
in the distribution of ACE2 between children and older adults. ACE2" cells were mainly
located in the alveolar region and notably decreased at the bronchus in the older (Figure 3B).
ex vivo infection of pseudoviral SARS-CoV-2 indicated the similar susceptibility of ACE2-

expressed cells in the alveolus between children and older adults (Figure 5A-B).

Several contrasting findings exist in the literature on ACE2 and ages as well as cigarette
exposure.[39, 40] Some prior bioinformatic studies indicated that the ACE2 expression in the
respiratory system was increased with ages, smoking or cancers, arising an assumption that the
higher ACE2 expression contributes to the high-risk of COVID-19 in older individuals.[10, 11, 41] [42,
43] On the other hand, other reports indicated ACE2 expression levels were not changed with
ages.[44] It is difficult to compare our results with above reports because most of these
bioinformatic studies were mainly focused on adult population RNA-seq datasets without
comparison to children’s samples parallelly, and no clear information for disease conditions used for
studies. We examined ACE2 expressions in 26 children and 24 adults’ lung tissues at both
transcription and protein levels with negative (IgG) and positive controls (Kidney). The smoking

factor was also considered. Our findings indicated that compared to children, the older adults
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present generally reduced ACE2 amount and expression levels, and these ACE2 positive cells mainly

were detected in the lower pulmonary tract.

It was reported that compared with the adult population, children with COVID-19 generally display
milder symptoms and lower mortality. [4, 45] The discrepancy between the abundant expression
ACE2 in paediatric patients that generally display milder symptoms and lower mortality as compared
to aged adults has not been fully understood. One possibility is that the milder disease in paediatric
patients with SARS-CoV-2 infection might be associated with the different patterns of immune
responses.[5] Our clinical anlaysis also indicated that high sensitivity C-reactive protein (hs-CRP)
level was significantly lower in paediatric patients with COVID-19 than older adult counterparts
(Figure 1B). In addition, although 4ACE?2 is expressed in various human tissues and organs, ACE2-
expressing organs do not equally participate in COVID-19 pathophysiology, indicating that other

mechanisms are also involved in orchestrating cellular infection resulting in tissue damage.

Third, lung progenitor cells were reduced in the older compared with children. It is essential to
maintain sufficient lung progenitor cells for lung development and repair.[46-48] ACE2 marker was
in SFTPC* AT Il cells, but not in lung progenitor cells including TP63, KRT5, SOX2, PDPN, NKX2.1, or
SCGB1A1 positive cells (Figure 4). SFTPC presented in AT Il cells is also considered as bipotent
progenitor cells capable of differentiating into AT | cells during the process of lung injury-repair.[28-
30] Although ACE2/SFTPC AT Il cells are targeted by SARS-CoV-2 infection during the subsequent
inflammatory response,[49] other putative lung progenitor cells without expression of ACE2 should
not be attacked by SARS-CoV-2. However, decreased lung progenitor cells in the older limit their
capacity for lung repair and regeneration. Our follow-up study also revealed that infected older

patients displayed a poorer recovery from pneumonia (Figure 5C-E).

There are several limitations in this study. First, a histological study in normal areas of lung

tissue that was adjacent to diseased tissue. Whether diseases such as lung abscess or lung
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cancer, affect ACE2 expression in normal areas of lung tissue requires further investigation.
Second, the relationship between age and ACE2 expression remains controversial. It could
not exclude the possibility that such a difference could be affected by selected tissues from
older or younger individuals. Additionally, it is possible that ACE2 expression within single-
cell types correlates with age, but such differences are not reflected in protein level analysis.
Third, at the current stage, only 12 children and 27 adult patients were in the followed-up
study. Long term follow-up of more patients will provide more putative information.
Nevertheless, this study is the first time to characterize ACE2 expression and distribution as

well as the profile of lung progenitor cells in children and older adults.

In summary, compared to children, older patients are more vulnerable to develop severe pneumonia
with poor recovery potential from COVID-19. Older patients present generally reduced ACE2-
expressing cells and were mainly distributed in the lower pulmonary tract. The lung progenitor cells
were also reduced in older adults. These risk factors may be in part contribute to distinct disease

severity between children and older patients following SARS-CoV-2 infection.
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Figure Legends

Figure 1 Retrospective analysis for patients with COVID-19

(A) Diagram of clinical data collection and analysis process.

(B) Distribution of disease severity and ages in patients with COVID-19. Demographics and baseline
characteristics of patients with COVID-19. Patients (n = 299) were divided as 0-16 yrs. (Children), 16-
50 yrs. (young adults), and >50 yrs. (older adults). Data were presented with number and percentage

(Chi-square or Fisher’s exact test was used for p value).

Figure 2. Laboratory findings of infected patients with different ages.

(A) The comparison of laboratory parameters in peripheral blood testing between children and older
patients. Total white blood cells, lymphocytes, neutrophils, platelet, and ratio of
neutrophils/lymphocytes were examined. Kruskal-Wallis test was used.

(B) Biochemical indexes of infected patients. hs-CRP, PT, albumin, alanine transferase, FIB, total
bilirubin, creatine, creatine kinase, and procalcitonin were examined between children and older
patients. Mann-Whitney test was used. FIB: fibrogen; hs-CRP: high-sensitivity C-reactive protein; PT:

prothrombin time. Kruskal-Wallis test was used.

Figure 3. Detection of ACE2 positive cells in lung tissues in children and older adults

(A) Typical staining images of bronchus, alveolus, and ACE2 positive cells in the lung of patients with
different ages. i, ii, viii, and ix. HE staining showed typical structures of bronchus and alveolus in
children and older adults. iii-v and x-xii. Typical images of ACE2 positive cells presented in the
airways and lungs of children and older adults. vi-vii and xiii-xiv. Negative (IgG, lung) and positive
controls (ACE2, kidney). Scale bars=100 pm or 50 um.

(B) Statistical results of ACE2 expressed cells in lung of children and adults i. Quantification of ACE2
positive cells in lung tissue sections with different ages from 0-10Y, 10-50Y, 50-60Y, 60-70Y, and >

70Y (n > 3). One-way ANOVA was used. ii. Quantification of ACE2 positive cells in children (<16yrs., n
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= 23) and older adults (>50 yrs., n = 14), Mann-Whitney test was used. iii. Relative mRNA expression
of ACE2 in lung tissues of children and older adults (n = 5). unpaired t test was used. Br, Bronchus;
PA, Pulmonary Alveolus.

(C) Statistical results for the distribution of ACE2 positive cells in the different regions of lungs. i and
ii. Quantification of ACE2 positive cells in the regions of bronchus and alveolus at different age
groups. One-way ANOVA was used. iii. Comparison of ACE2 positive cells between children (<16yrs.,
n = 20) and older adults (>50 yrs., n = 11) in the regions of bronchus and alveolus. Kruskal-Wallis test

was used.

Figure 4. Co-expressions of ACE2 and lung progenitor cell markers in children and older adults

(A) Bioinformatic analysis of the expression of ACE2 and lung progenitor marker genes using three
recent single-cell RNA-seq datasets in human lung. i Pearson analysis was used to examine the
correlation of ACE2 and lung progenitor marker genes in lung tissue level. ii the percentage of ACE2
positive cells co-expressing lung progenitor cells marker genes in single cell level.

(B) Immunostaining was used to detect the co-expression of ACE2 and lung progenitor marker genes
in lung tissue sections. Scale bar = 15um.

(C) mRNA expressions level of lung progenitor marker genes in the lung tissues of children and older

adults. unpaired t test was used, n = 5 respectively.

Figure 5. Ex vivo SARS-CoV-2 pseudovirus infection in lung tissues and follow-up of patients with

COVID-19

(A) Lung tissues from three children and three older adults were infected with SARS-CoV-2
pseudovirus. i-viii. Immunostaining against ACE2 (red) and GFP to detect nCoV in all lung tissue

samples. Scale bar =50 um.
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(B) The efficiency of infection with SARS-CoV-2 pseudovirus in lungs of children and older adults. Cell
number with ACE2 and nCOV-GFP positive signals was counted from 10 images in each sample. Data
were presented with number and percentage (%). (Fisher’s exact test was used, p = 0.95).

(C). Typical features of computed tomography (CT) images in a 3-year-old pediatric patient and a 64-
year-old patient with moderate pneumonia. Lung lesions were detected in the child (i) and the older
patient (iv) on admission. Alleviation of lesion was observed at discharge for the child (ii). A new
lesion was detected for the older patient (v) who had met the criteria for discharge with
improvement in symptoms and negative result of SRAS-CoV-2 test. Based on the radiological
assessment in follow-up visit, the child completely recovered without abnormal finding in CT images
(iii), while stripe-like high density shadows were detected for the older patient (vi).

(D) The lung recovery of patients and CT examination in follow-up study. Data were presented with
number and percent (%); Chi-squared test was used, p = 0.0025.

(E) The relationship between the recovery ratios and patients’ ages.
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Figure 1

A

Patients with COVID-19 (n=299)

Allocation .
Paediatric patients (n = 173) Adult patients (n = 126)
« Received standard treatment (n = 173) « Received standard treatment (n = 126)
A 4 .
Analysis -
Analysed (n=173) Analysed (n = 126)
« Excluded from analysis (7 = 0) « Excluded from analysis (n = 0)
« Stratified analysis (7= 173) « Stratified analysis (n = 126)
* Gender vs. disease severity « Gender vs. disease severity
« Age vs. disease severity « Age vs. disease severity
« Laboratory parameters in age groups « Laboratory parameters in age groups
v v
Follow-Up
Complete follow-up (n = 12) Complete follow-up (n=27)
Continuing follow-up (n=161) Continuing follow-up (n = 99)

Table 1. Demographics and baseline characteristics of patients with COVID-19

All patients 0-16 yrs. 16-50 yrs. >50 yrs.

(11=299) (n=173) (n=89) (n=37) Pyatg
Characteristics
Gender, n (%) 0.995
Males 156 (52.2) 91 (52.6) 46 (48.8) 19(51.4)
Females 143 (47.8) 82 (47.4) 43(51.2) 18 (48.6)
Disease severity, n (%) 0.001
Mild 72 (24.1) 68 (39.3) 4(4.5) 0(0.0)
Moderate 201 (67.2) 104 (60.1) 74 (83.1) 23 (62.2)
Severe 23(7.7) 1(0.6) 9(10.1) 13 (35.1)
Critical 3(1.0) 0(0.0) 2(2.3) 12.7)
Signs and symptoms, n (%)
Fever 148 (49.5) 57(32.9) 64 (71.9) 27(73.0) 0.002
Cough 129 (43.1) 57(32.9) 50 (56.2) 22(59.5) 0.036
Diarrhea 15 (5.0) 7 (4.0) 7(1.9) 1(2.7) 0.366
Sore throat 22(74) 6(3.5) 12 (13.5) 4(10.8) 0.019
ICU admission, n (%) 24 (8.0) 1(0.3) 9 (10.1) 14 (37.8) 0.001

Data were presented with patient’s number (n) and percent (%). p values were calculated using Chi-square test or Fisher’s exact test.
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Ex vivo infection of SARS-CoV-2
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Older adults 17 13 13 (100)
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