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ARTICLE INFO ABSTRACT

Keywords: The emergence of the novel severe acute respiratory coronavirus 2 (SARS-CoV-2) in China and its rapid national
Severe acute respiratory coronavirus 2 and international spread have created a global health emergency. The resemblance with SARS-CoV in spike
Infection protein suggests that SARS-CoV-2 employs spike—driven entry into angiotensin-converting enzyme 2 (ACE2)-
Stem cells expressing cells. From a stem cell perspective, this review focuses on the possible involvement of ACE2* stem/
Immunomodulation . . . . . . . . .

Repair progenitor cells from both the upper and lower respiratory tracts in coronavirus infection. Viral infection-as-

sociated acute respiratory distress syndrome and acute lung injury occur because of dysregulation of the immune
response. Mesenchymal stem cells appear to be a promising cell therapy given that they favorably modulate the
immune response to reduce lung injury. The use of exogenous stem cells may lead to lung repair. Therefore,
intervention by transplantation of exogenous stem cells may be required to replace, repair, remodel, and re-
generate lung tissue in survivors infected with coronavirus. Ultimately, vaccines, natural killer cells and induced-
pluripotent stem cell-derived virus-specific cytotoxic T lymphocytes may offer off-the-shelf therapeutics for

preventing coronavirus reemergence.

1. Introduction

The ongoing outbreak of viral pneumonia in the city of Wuhan,
China, which began in December 2019, has now spread to various
countries worldwide. The etiologic agent, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), is a novel form of coronavirus
that causes coronavirus disease 2019 (COVID-19), which is closely re-
lated to SARS-CoV. Our understanding of the novel virus is either based
on the established knowledge of SARS-CoV or just beginning to emerge.
Studies have shown that SARS-CoV-2 shares a receptor with SARS-CoV,
providing clues regarding its cell entry, viral infection route, and pa-
thogenic mechanisms at the cellular level. Except for asymptomatic
carriers, infection with this virus causes a large fraction of patients to
develop moderate clinical illness in a short period, with a small but a
substantial number of patients experiencing severe disease character-
ized by fatal acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS). Stem cells in the respiratory tract /lung parenchyma
appear to play a major role by interacting with the virus to cause entry
infection, lung damage, and repair. Exogenous mesenchymal stem cells

(MSCs) represent a promising cell therapy for modulating the immune
dysregulation underlying ALI/ARDS to restore lung function.
Transplantation of exogenous stem cells may lead to lung repair and
regeneration. To be prepared for the worst-case scenario of coronavirus
reemergence, it is important to develop vaccines and therapeutics. Stem
cell-derived natural killer cells (NK cells) and off-the-shelf virus-specific
cytotoxic T lymphocytes (CTLs) may be useful for meeting this urgent
medical need. In this review, we discuss recent advances in our un-
derstanding of coronavirus infection and pathogenesis, with a special
emphasis on the involvement of stem cells (Fig. 1).

2. Epidemiology

In December 2019, a series of pneumonia cases of unknown cause
emerged in Wuhan, Hubei Province, China. Patients presented with
fever, dry cough, dyspnea, and bilateral ground-glass opacities on chest
computed tomography (CT) scans. Organ dysfunction, for example,
shock, ARDS, acute cardiac injury, acute kidney injury, and even death
occurred in severe cases (Huang et al., 2020).
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Fig. 1. Schematic diagram illustrating the involvement of stem cell interaction and intervention in SARS-CoV infection.

On January 3, 2020, a novel coronavirus subsequently named SARS-
CoV-2 was detected by deep sequencing of the bronchoalveolar lavage
fluid from patients, and was believed to be the etiologic agent of the
new viral pneumonia (Lu et al., 2020). Phylogenic analysis showed that
SARS-CoV-2 forms a distinct clade from SARS-CoV but shares 79.5%
homology with SARS-CoV. On February 11, 2020, the World Health
Organization (WHO) and the International Committee on Taxonomy of
Viruses (ICTV) have officially announced the disease as COVID-19 and
designated the virus itself as SARS-CoV-2.

Some initially infected patients had a history of exposure to the
Huanan Seafood Wholesale Wet Market, potentially involving animal
contact. The virus is thus thought to have a zoonotic origin, after which
human-to-human transmission occurred. Its genetic sequences have
shown high similarities to bat coronaviruses (96%), indicating the
likelihood of bats being the ultimate origin (Zhou et al., 2020). Al-
though an intermediate reservoir such as a pangolin was proposed (Tao
Zhang and Zhang, 2020), the exact source of the virus and how it
crosses the species barrier and jumps to humans remains largely un-
known (Yu et al., 2020).

The contagious epidemic outbreak spread rapidly from Wuhan to
other areas in China and the world. By February 12, 2020, a total of
59,805 cases were reported in China. Internationally, 499 exported
cases were confirmed in 26 countries across 5 continents.

2.1. Spike protein and ACE2 receptor

Thus far, very little is known regarding the mode of SARS-CoV-2
interactions with host cells at the onset of infection. Fortunately, the
quick release of the genomic sequences by Chinese scientists revealed
that both SARS-CoV-2 and SARS-CoV belong to the (3-genus of cor-
onaviruses (Lu et al., 2020; Zhou et al., 2020). Coronaviruses are a large
family of single-stranded enveloped RNA viruses. The positive-sense
RNA genome encodes for four structural proteins including spike (S)
glycoprotein, matrix (M) protein, small envelope (E) protein, and nu-
cleocapsid (N) protein (Li et al., 2003). It is well-known that the spike
glycoprotein mediates receptor binding and membrane fusion and is

crucial for determining host tropism and transmission capacity (Marra
et al., 2003; Turner, Hiscox, & Hooper, 2004).

A longer spike protein is encoded by SARS-CoV-2 genome compared
to that of SARS-CoV (1273 versus 1255 amino acids) because of 3 short
insertions at the N terminus (Lu et al., 2020; Zhou et al., 2020). The
overall sequence similarities between the SARS-CoV-2 spike and SARS-
CoV spike (isolated from human, civet, or bat) are approximately
76-78% for the whole protein, 73-76% for the receptor-binding do-
main, and 50-53% for the receptor-binding motif(Wan et al.,2020).
SARS-CoV spike protein engages angiotensin-converting enzyme 2
(ACE2) as an entry receptor. Importantly, among the 14 key ACE2-
contacting residues in the receptor-binding domain previously identi-
fied in SARS-CoV, 9 are fully conserved and 4 are partially conserved
among SARS-CoV-2 and SARS-CoV from human, civet, and bat (Wan
et al., 2020). Based on a previous study of SARS-CoV and sequence
similarity, structural modeling strongly predicted that SARS-CoV-2
employs the ACE2 receptor for cell entry as well. In agreement with
these findings, directed expression of human ACE2 allowed S protein
pseudotyped-particle entry into the otherwise non-susceptible BHK
cells(Hoffmann et al., 2020), indicating that SARS-CoV-2 like SARS-S
uses ACE2 for cellular entry. In addition, a publication in Nature de-
scribed that when directly combined SARS-CoV-2 with HeLa cells,
SARS-CoV-2 could use ACE2 receptors from human, bat, civet, and
swine, but not mouse, as an entry receptor in ACE2-expressing HeLa
cells, except in cells without ACE2 expression (Zhou et al., 2020). To-
gether, the structural modeling, pseudotyping, and infection data pro-
vide strong evidence that human ACE2 is the receptor for SARS-CoV-2.

2.2. ACE2 expression in pulmonary stem cells

As a functional receptor for coronavirus, studying the tissue dis-
tribution of ACE2 has major implications for understanding the tar-
geted cell types and infection routes. ACE2 is a homolog of ACE, which
plays an important role in the renin-angiotensin system for blood
pressure homeostasis (Turner et al., 2004); however, its physiological
role in the airways is currently unknown. A rapid report indicated no
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significant disparities in ACE2 gene expression between racial groups
(Asian vs Caucasian), age groups (> 60 vs < 60 years) or gender
groups (male vs female). However, significantly higher ACE2 gene ex-
pression was observed in smoker samples compared to in non-smoker
samples, suggesting that this group is more vulnerable to coronavirus
infection (Cai, 2020). ACE2 mRNA is known to be present in virtually
all organs, particularly in the bronchus and lung parenchyma as well as
in the heart, kidney, and gastrointestinal tract (Harmer et al., 2002).
The most remarkable finding was the surface expression of ACE2 pro-
tein on lung alveolar epithelial cells and enterocytes of the small in-
testine, correlating with symptoms seen in patients such as ARDS and
diarrhea. The protein expression of ACE2 in the upper respiratory tract
remains controversial. In one study, ACE2 protein expression was not
detected on the surface of epithelial cells lining the oral cavity, nasal
mucosa, and nasopharynx (Hamming et al., 2004). Another study
showed that ACE2 expression is positively correlated with the differ-
entiation state of the epithelia. ACE2 protein was more abundantly
expressed on the apical than on the basolateral surface of polarized
airway epithelia (Jia et al., 2005). The study demonstrated SARS-CoV
preferentially infects well-differentiated ciliated epithelial cells ex-
pressing ACE2 in an in vitro model.

The outbreak of COVID-19 triggered a new wave of revisiting stu-
dies of ACE2 expression, and many are based on single-cell RNA-se-
quencing (scRNA-seq). Immunohistochemistry on human tissues con-
firmed that ACE2 is expressed within type II pneumocytes of human
lung [15,16]. Notably, the not previously investigated nasal ciliated
epithelial cells were shown to have one of the highest ACE2 mRNA
expression levels among investigated cell types in the respiratory tract,
which was validated independently at protein level by another group
using immunostaining on human tissues (Ivan T Lee, 2020; Sungnak
et al., 2020).

The pulmonary system contains functionally distinct candidate
stem/progenitor cells which reside in distinct anatomical locations. The
basal cells (Hong et al., 2004), Club cells (Rawlins et al., 2009),
bronchoalveolar stem cells (BASCs) (Kim et al., 2005) and type II
pneumocytes (Fehrenbach, 2001) are the candidate stem/progenitor
cells which can repair the injured lungs and contribute to local needs in
times of tissue damage. In addition to Type II pneumocytes, several
studies revealed that a subset of murine and human Oct4 ™ pulmonary
stem cells expressing ACE2 is the prime target of SARS-CoV infection
(Chen et al., 2007; Ling et al., 2006; Mallick et al., 2009). The infected
cells support active virus replication, which leads to their own de-
struction (Ling et al., 2006). This might explain the long course of ill-
ness, in the context of continued deterioration of lung tissues and ap-
parent loss of capacity of lung repair observed in SARS patients. This
could be also true for CoV-SARS-2 since they share same ACE2 receptor
for cell entry.

2.3. Involvement of upper airway in coronavirus infection

Our current understanding of the target cells of SARS-CoV in the
lower airway/lung parenchyma is largely based on analysis of autopsy
specimens from patients who died of SARS. The early involvement of
the upper airway has been less widely studied and is poorly understood.
Although SARS-CoV mainly targets the lung, not all patients develop
pulmonary destruction symptoms. In one report, approximately one-
third of SARS-infected patients had self-limited symptoms with no
clinical or radiological evidence of progression to pneumonitis (Tsui
et al., 2003), but upper respiratory tract symptoms occurred in a min-
ority of patients with SARS (Peiris et al., 2003). In another study, larger
amount of SARS-CoV RNA was found in the saliva from all specimens of
17 patients with SARS, including 4 patients before the development of
lung lesions and in some nasopharyngeal aspirates (Wang et al., 2004).
Convincing evidence of airborne spread of the SARS-CoV droplets was
presented in affected apartment in Hong Kong (Yu et al., 2004). Using a
non-human primate model, Liu et al found that ACE2-positive cells
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were widely distributed in the upper respiratory tract in Chinese ma-
caques, and ACE2 epithelial cells lining the salivary gland ducts were
early target cells that were productively infected (Liu et al., 2011).
Further studies are warranted to examine whether those cells are stem
cells or well-differentiated cells. Another in vitro study showed that
SARS-CoV efficiently infected ciliated cells when applied to the apical
surface. The virus then replicated in polarized epithelia and pre-
ferentially exited via the apical surface (Jia et al., 2005). It also would
be of interest to test if the mucociliary clearance function was impaired
in order to facilitate the releasing of virus into the lumen of the human
lung. Collectively, both clinical and experimental data suggest a critical
role for viral production in upper respiratory sites, including salivary
gland ducts, in the early phase of infection. Similarly, SARS-CoV-2 has a
lot of resemblance to SARS-CoV, for instance, respiratory droplet
transmission (Lai et al., 2020). While revising the manuscript, newly
emerging data demonstrated that ciliated cells in nasal epithelia have
the highest gene expression of ACE2 across airway (Sungnak et al.,
2020). And in both asymptomatic and symptomatic patients, nasal
swabs have yielded higher CoV-SARS-2 viral loads than throat swabs
(To et al., 2020; Zhou et al., 2020). These data strongly suggest nasal
epithelium as a more important portal within upper airway for initial
virus infection, production and transmission.

2.4. Stem cells for modeling

However, in vivo confirmation of the identity of virus-targeted cells
in the early phase is difficult because of the lack of availability of
samples from patients who died within 3 days after illness onset or even
before onset. Most data from human respiratory tissue of patients with
SARS were obtained at two or more weeks following disease onset
(Franks et al., 2003; To et al., 2004). Although SARS-CoV-2 and SARS-
CoV showed numerous similarities, direct evidence regarding how
SARS-CoV-2 infects cells in the respiratory tract is lacking. Airway stem
cells may offer a quick in vitro solution for these studies. We and others
have shown that basal cells from the nasal and nasopharyngeal mucosa
exhibit cardinal features of stem cells (Hong et al., 2004; Yu et al.,
2017; Yu et al., 2012; Zhao et al., 2012). When cultured at the air-liquid
interface on Transwell (Yu et al., 2017; Zhao et al., 2012), they can
different into pseudostratified mucociliary epithelium that recapitulates
the morphological and physiological features of the human conducting
airway in vivo. SARS-CoV-2 then can be applied to the pseudostratified
epithelium at the apical or basolateral side to examine the potential for
infection. While some animal models are under development, most of
the virus research is carried out in immortalized simian Vero E6 cell
line. Although Vero E6 cell model is convenient and useful, it has
limitations and does not allow for the understanding of virus biology
and evolution. This ex vivo Transwell model will constitute a con-
venient tool to study the viral infection and test antiviral drugs. In the
same way, Oct4™ BASCs at the bronchioalveolar duct junction can
readily form expandable colonies in vivo (Kim et al., 2005), which can
be used to test infection in the lower airway. Although transgenic mice
and non-human primate models are the next step for conducting these
studies, they are might be taking long time and costly. Additionally,
there are some differences between species. For example, ACE2 is
widely distributed in the entire upper airway in Chinese macaques,
which contradicts most data from humans (Liu et al., 2011).

2.5. Stem cells for therapy

Severe pneumonia caused by pathogenic coronaviruses is often as-
sociated with rapid virus replication, massive in-
flammatory cell infiltration, and elevated pro-inflammatory cytokine/
chemokine responses (cytokine storm) resulting in ALI and ARDS
(Channappanavar and Perlman, 2017). The pathological features of
COVID-19 strongly resemble those of ARDS associated with SARS and
Middle Eastern respiratory syndrome coronavirus infections (Xu et al.,
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2020), such as massive alveolar damage and progressive respiratory
failure.

The current treatments for ARDS associated with coronavirus in-
fection include early combination use of antiviral drugs (e.g., remdesvir
lopinavir plus ritonavir) plus steroids (hydrocortisone, interferon) (Tsui
et al., 2003), and supportive measures, such as lung-protective venti-
lation and conservative fluid management (Acute Respiratory Distress
Syndrome et al., 2000; National Heart et al., 2006). No pharmacological
therapies appear to effectively halt the disease, as it progresses very
rapidly. Studies of humans who died from SARS and COVID-19 sug-
gested that a dysregulated immune response occurred, resulting in ex-
cessive inflammation and lethal ARDS (Channappanavar and Perlman,
2017; Nicholls et al., 2003; Xu et al., 2020; Zumla et al., 2020). Thus,
immunomodulation should be an effective therapy, such as by using
stem cells. MSCs represent one of the most promising candidates since
their safety and efficacy have been shown in pre-clinical models of
ARDS (Hayes et al., 2012; Horie et al., 2018). During revision of this
manuscript, a study using MSCs to treat patients with COVID-19 was
published. Seven critically ill patients were intravenously administered
MSCs at 1 x 10° cells per kilogram body weight, followed by 14-day
observation. The treatment was safe and had no adverse effects. In-
flammatory and immune functions were corrected based on measure-
ment of cytokine levels (i.e., TNF-a, IL-10) and a subset of immune cells
(D4, CD8, NK, DC cells). Importantly, the pulmonary function and
symptoms of these seven patients were significantly improved at 2 days
after MSC transplantation (Leng et al., 2020). Additionally, the MSCs
were ACE2- and TMPRSS2-negative at the gene level, suggesting the
unlikelihood of virus infection in the transplanted cells. Together with
local hospitals in Wuhan, we treated 24 critically ill patients with
COVID-19 via intravenous administration of clinical-grade human
MSCs derived from umbilical cord. The treatment was safe and resulted
in improved functional outcomes in patients (manuscript under pre-
paration). In short, MSCs appear show the greatest immediate potential
for clinical translation for treating COVID-19, given that they may fa-
vorably modulate the immune response to reduce lung injury while
maintaining host immune-competence.

2.6. Stem cells for repair and regeneration

SARS targets endogenous lung stem cells, which likely also occurs
for SARS-CoV-2. This could explain the apparent loss in the capacity for
lung repair after coronavirus infection and later phases of lung failure
in severely diseased patients (Peiris et al., 2003). Long-term survivors
exhibit aberrant or excess remodeling involving tissue fibrosis. Re-
generation of the injured distal lung epithelium and restoration of al-
veolar barrier function are prerequisite for re-establishing proper gas
exchange. Transplantation of exogenously derived stem cells may be an
option for this situation. The molecular mechanisms underlying stem/
progenitor cell-mediated regenerative responses have not been well-
characterized. Particularly, the impact of coronavirus infection on en-
dogenous lung stem cells and their regenerative responses remain un-
clear. This type of data is not yet available for patients with SARS or
COVID-19 (For general lung injury or ARDS and stem cell repair, please see
reviews elsewhere (Hayes et al., 2012; Neuringer and Randell, 2004)).
However, many studies have been conducted in animal models to
evaluate cell-remodeled airways and populate the damaged alveolar
parenchyma upon widespread destruction of airway and alveolar epi-
thelial cells following severe influenza infection (Kumar et al., 2011;
Ray et al., 2016; Vaughan et al., 2015; Zuo et al., 2015). In a murine
model, a highly pathogenic influenza virus displays a strong tropism to
and infected a subset of lung stem/progenitor cells phenotyped as Ep-
CamM#"CD24'°“integrin(a6)"&". Of significance, influenza virus-in-
fected stem cells exhibited severely impaired renewal capacity because
of virus infection-induced blockade of P-catenin-dependent Fgfr2b
signaling, as evidenced by in vivo loss of alveolar tissue repair capacity
after intrapulmonary stem cell transplantation (Quantius et al., 2016).
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In contrast, transplantation of non-infected stem cells restored alveolar
barrier function and increased survival following influenza viral
pneumonia in response to the application of exogenous Fgf10 (Quantius
et al., 2016). These results provide insight into the feasibility of using
exogenous stem cell therapy for treating coronavirus infected patients.

We and others have demonstrated that many types of stem/pro-
genitor cells are present along the proximodistal axis of the mammalian
respiratory tract (Fehrenbach, 2001; Hong et al., 2004; Kim et al., 2005;
Rawlins et al., 2009; Yu et al., 2017; Yu et al., 2012; Zhao et al., 2012).
Additionally, various other cell types such as MSCs, endothelial pro-
genitor cells, embryonic stem cells, and induced pluripotent stem cells
(iPSCs) are present. Each of these candidates show potential for lung
regeneration following coronavirus infection with advantages and dis-
advantages (Hayes et al., 2012). However, significant deficits remain in
our knowledge regarding the mechanisms of action of stem cells, their
efficacy in relevant pre-clinical models, and their safety. These gaps
must be addressed before the enormous therapeutic potential of stem
cells for ALI/ARDS can be realized.

2.7. Stem cells for prevention

In patients who have recovered from SARS, data strongly suggest
that neutralizing antibodies and CTLs plays a central role in the clear-
ance of SARS-CoV (Wang and Chen, 2004). In COVID-19, neutralizing
antibodies were detected in recovered patients and showed therapeutic
potential for treating acute infections. The counts of peripheral CD4 and
CD8 T cells were substantially reduced, whereas their status was hy-
peractivated (Huang et al., 2020). This indicates that both humoral
immunity and cellular immunity are involved in SARS-CoV-2 infec-
tions.

Responding to the outbreak of COVID-19, world scientists have been
moving at record speed to develop vaccines for SARS-CoV-2. The vac-
cine production platforms and technologies include RNA vaccines, DNA
vaccines, recombinant protein vaccines, viral vector-based vaccines,
live attenuated vaccines and inactivated vaccines. An mRNA-based
vaccine developed by Moderna (ClinicalTrials.gov: NCT04283461) and
an inactivated vaccine developed by Chinese Academy of Medical
Sciences are currently the furthest along (Gao et al., 2020). For details
of the current status and timeline please refer to the report in (Amanat
and Krammer, 2020).

A new study showed COVID-19 patients experience functional ex-
haustion of antiviral lymphocytes (Zheng et al., 2020). Therefore
adoptive immune therapy is a promising alternative. On January 29,
2020, Sorrento Therapeutics and Celularity Inc initiated emergency
allogeneic natural killer (NK) cell therapy development for coronavirus
infection with Chinese leading experts and scientists. The objective of
the collaboration is to expand the therapeutic use of Celularity's CYNK-
001, an allogeneic, off-the-shelf, placental-derived NK cell therapy, for
the treatment and prevention of coronavirus infections. Technical de-
tails, such as dosing levels and timing, are not yet available. The
Yingfeng Biological Group houses one of seven largest banks of cord
blood, cord tissue, and placenta in China. We are currently actively
exploring the development of stem cell therapeutics to fight the virus by
taking advantage of our abundant resources.

Adoptive transfer of virus-specific CTLs has already shown efficacy
for treating viral pathogens. The cells often are from seropositive third-
party donors (Ando and Nakauchi, 2017; Leen et al., 2013; Vickers
et al., 2014). However, broader implementation of this therapeutic
approach is limited by time, cost, complexity, and lack of seropositive
donors for individualized product manufacture, which may preclude
the immediate availability of CTLs for urgent medical needs. Cor-
onavirus poses a serious threat of reemergence, and thus an im-
mediately available off-the-shelf product is needed. Such feasibility was
only recently demonstrated (Minagawa et al., 2018; Nishimura et al.,
2013; Tzannou et al., 2017). The innovative idea is that antigen-specific
CTL clones are first established from antigen-specific CTLs obtained
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from the peripheral blood. These clones are reprogrammed into iPSCs
(T-iPSCs), which can re-differentiate into CTLs that retain their ances-
tral antigen specificity and cytotoxicity, but with 100~1000-fold
greater expansion capability. Thus, these cells can be banked as un-
limited off-the-shelf therapeutics to meet urgent needs (Minagawa
et al., 2018; Nishimura et al., 2013; Tzannou et al., 2017). Although
there are safety concerns that must be addressed, such as undesirable
rearrangement of the TCRA gene during reprogramming and re-
differentiation, anti-virus activity was demonstrated in models of
killing human immunodeficiency virus and Epstein-Barr virus in vitro
and in vivo (Ando and Nakauchi, 2017; Doubrovina et al., 2012;
Nishimura et al., 2013; Vickers et al., 2014). However, SARS-COV-2-
specific cytotoxic T lymphocyte infusion as a possible treatment option
for COVID-19 patients with severe disease, has not received enough
attention till today.

3. Concluding remarks

Pulmonary stem cells are among a variety of cell types along re-
spiratory tract to lung parenchyma targeted by coronavirus infection.
The consequences of infection include ARDS/ALI, and eventually, loss
of the ability to endogenously repair the lungs. Mesenchymal stem cells
constitute a promising therapeutic strategy for patients suffering from
coronaviruses infection associated ALI/ARDS by immune modulation.
Transplantation of exogenous stem cells may directly replace injured
lung tissues. Ultimately, while vaccines are under development, NK
cells and virus-specific CTLs engineered using iPSC technology may
offer an off-the-shelf cell therapeutic option for preventing the re-
emergence of coronaviruses.
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