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Abstract
The recent outbreak of 2019 coronavirus disease (COVID-19), caused by a novel coronavirus, has now spread quickly 
worldwide. Like the severe acute respiratory syndrome coronavirus (SARS-CoV), this novel type of coronavirus, SARS-
CoV-2, has been demonstrated to utilize angiotensin-converting enzyme 2 (ACE2) as an entry point to the cells. There is 
a growing body of reports indicating that COVID-19 patients, especially those in severe condition, exhibit neurological 
symptoms, thus supporting the possibility that SARS-CoV-2 could infect and damage neurons within the central nervous 
system in humans. Using human pluripotent stem cells-derived neurons, here we show the expression of ACE2 in human 
neurons via immunocytochemistry. From this perspective, we elaborate on the idea that the neuro-invasive potential of 
SARS-CoV-2 should be considered as a possible contributory factor, as well as a therapeutic target, for the severe respiratory 
symptoms in critical COVID-19 cases.

Keywords COVID-19 · SARS-CoV-2 · ACE2 · Central nervous system · Neurons

In late December of 2019, clustering pneumonia cases 
caused by unknown etiology were firstly reported in the 
city of Wuhan, China. As of June 18th, the COVID-19 pan-
demic has spread in 213 countries and regions, with 8.5 mil-
lion confirmed cases and 450,000 deaths. After ruling out 
SARS-CoV (Severe Acute Respiratory Syndrome coronavi-
rus) and MERS-CoV (Middle East Respiratory Syndrome 
coronavirus), COVID-19 was later identified to be caused 
by a novel coronavirus, SARS-CoV-2 (Lu et al. 2020). Due 
to the invasiveness of this virus to the respiratory system, 
symptoms of COVID-19 include coughing, high tempera-
ture, shortness of breath, and notably, loss of smell, which 

suggests possible infection of neurons (Giacomelli et al. 
2020; Yan et al. 2020). Indeed, according to a recent study 
(Mao et al. 2020), SARS-CoV-2 exhibits neuro-invasive 
potential in COVID-19 patients, especially those in severe 
condition. Among the 214 cases of this study, 36.4% of the 
total patients were reported to have displayed neurological 
symptoms, meaning that 1 in 3 cases has involvement of the 
central nervous system (CNS).

Similar to SARS-CoV, which caused the SARS epidemic 
in 2002–2003, SARS-CoV-2 also binds to angiotensin-con-
verting enzyme 2 (ACE2) in the lung to enter pulmonary 
cells, via its S1 spike protein (Wan et al. 2020), yet the S 
protein of SARS-CoV-2 exhibits higher affinity to ACE2 
(Wrapp et al. 2020). ACE2 was originally discovered in 
2000 in cardiac tissue and now has been established as a 
major component of the regulatory renin-angiotensin sys-
tem (RAS) (Donoghue et al. 2000). In mammals, the RNA 
expression of ACE2 has been reported in multiple organs 
and variety of cell types. An early work has showed that the 
ACE2 expression in humans is mainly in the gastrointestinal 
(GI) system, heart, and the kidney (Harmer et al. 2002). 
Also, the data reported on “The Human Protein Atlas” (https 
://www.prote inatl as.org) indicate very little expression of 
ACE2 RNA in the CNS. However, the enzymatic activity 
of ACE2 has already been detected in human brain tissues 
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and cerebrospinal fluid (CSF) (Kehoe et al. 2016; Xu et al. 
2017), indicating its significant level of protein expression 
within the human CNS.

In human pluripotent stem cells (PSC)-derived mixed 
neurons, we have identified ACE2 expression via immu-
nocytochemistry (Fig. 1a). The human neurons used here 

Fig. 1  ACE2 expresses in human neurons, therefore COVID-19 virus 
could invade the CNS, causing neurological symptoms and respira-
tory failure. (a) ACE2 expresses in cultured human  pluripotent stem 
cell (PSC)-derived mixed neurons.  A1: A bright field image of cultured 
human PSC-derived neurons (STEMCELL, 70905, Canada). The scale 
bar represents 20  μm.  A2–3: Immunofluorescent labeling for visuali-
zation of ACE2 (red) in cultured human PSC-derived neurons (blue: 

DAPI). The scale bars represent 20  μm in  (A2) and 10  μm in  (A3), 
respectively. The specimens were incubated with rabbit anti-mouse 
ACE2 antibody (1:100 dilution; Aviva System Biology, OASG00144, 
CA, USA) overnight at 4 ºC. (b) A schematic of how neuronal ACE2 
could contribute to coronavirus-related respiratory diseases
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were generated from human PSC-derived neuronal precur-
sor cells, and composed of a mixed population of forebrain-
type (FOXG1-positive) neurons that are highly pure and 
functional. Similar to what we previously observed in mice 
(Doobay et al. 2007), ACE2 is robustly expressed in the cell 
body of the neurons, with less expression in the axons and 
dendrites. Although it is not human brain tissue, our data still 
provide evidence that ACE2 protein is expressed in human 
neurons, which is, consequently, a highly possible target for 
SARS-CoV-2 infection. So far, most of the known coronavi-
ruses are neurotropic. For example, human coronavirus OC43 
can propagate from neuron to neuron through axonal trans-
portation (Dube et al. 2018). In mice, we have shown expres-
sion of ACE2 in neurons located in various pre-autonomic 
regions, such as the subfornical organ (SFO), paraventricular 
nucleus of hypothalamus (PVN), solitary tract (NTS), dorsal 
motor nucleus of the vagus nerve (DMNX), and the rostral 
ventrolateral medulla (RVLM) (Xia and Lazartigues 2010). 
Therefore, if the same pattern of ACE2 expression applies to 
humans, the SARS-CoV-2 infection in such neurons could 
contribute to the respiratory failure observed in the severe 
cases of COVID-19 (Fig. 1b): some patients were not gasping 
for air, despite their dangerously low blood oxygen levels. 
Indeed, SARS-CoV has been reported to infect the brain from 
both patients and experimental animals (Gu et al. 2005; Net-
land et al. 2008). In human ACE2 knock-in mice, SARS-CoV 
infection was significantly detected in the areas that involves 
cardiorespiratory regulation, including both hypothalamus 
and brainstem (Netland et al. 2008). Moreover, autopsy stud-
ies from the SARS patients revealed that SARS-CoV resides 
nearly exclusively in the neurons (Xu et al. 2005), rather than 
in other cell types, matching what we know about the expres-
sion profile of ACE2 within the CNS.

ACE2 is a cell surface-bound enzyme and can be 
secreted via ectodomain shedding. Whether the secreted 
ACE2 (i.e., shed) can be bound by the S1 protein is still 
unknown, there is a possibility that it may compete with 
the membrane-bound ACE2 for potential virus binding. In 
a correspondence by Batlle et al., the application of recom-
binant soluble ACE2 was discussed as a possible therapeu-
tic approach for treating COVID-19 to avoid severe infec-
tion (Batlle et al. 2020). We previously reported markedly 
higher level of secreted ACE2 in the CSF of patients with 
uncontrolled hypertension (Xu et  al. 2017), however, 
whether this increased ACE2 ectodomain shedding will 
affect the infection and mortality rates of hypertensive 
patients in the COVID-19 epidemic is still beyond inves-
tigation. Membrane-bound ACE2 also undergoes internali-
zation. In ACE2-transfected Neuro-2A cells exposed to 

angiotensin-II, activation of the octapeptide receptor  (AT1) 
was found to induce the internalization of ACE2 and its 
degradation into lysosomes (Deshotels et al. 2014). Since 
coronaviruses utilize ACE2 as a means to enter the cell, 
ACE2 internalization could also be related to the process 
of coronavirus infection. From this perspective, hyperten-
sive patients, who have an overactive systemic or central 
RAS, might be more susceptible to SARS-CoV-2 infection 
and under higher risk of transforming into severe cases. 
However, the usage of ACE inhibitors and  AT1 receptor 
blockers is currently controversial, for their potentials in 
raising ACE2 levels, and the consequential possibility that 
the patients, who are treated with those anti-hypertensive 
drugs, might be more susceptible to SARS-CoV-2 infec-
tion (Table 1).

So far, there have been several theories regarding 
how SARS-CoV-2 invades the CNS. It was recently 
reported in Italy that about 34% of COVID-19 patients 
exhibited olfactory and/or taste disorders (Giacomelli 
et al. 2020). According to a study posted on medRxiv, 
both SARS-CoV-2 and ACE2 RNAs were detected in 
the nasal epithelial cells in COVID-19 patients (Wu 
et  al. 2020), confirming that SARS-CoV-2 did infect 
olfactory epithelium. Considering that intranasal drug 
delivery is able to bypass the blood–brain barrier (BBB) 
(Duchi et  al. 2013), it is possible that SARS-CoV-2 
could infect the brain through olfactory nerves located 
in the nasal cavity, like other neurotropic coronaviruses 
(Perlman et al. 1989). Additionally, in severe cases of 
COVID-19, hyperactivity of the immune system may 
trigger a "cytokine storm" (Savarin and Bergmann 2018), 
characterized by over-activation of immune cells and 
cytokine release, therefore contributing to a breakdown 
of the BBB and neuronal damage. Besides the nasal cavity 
and the BBB, there is another speculation, raised from 
previous studies on SARS-CoV, that the coronavirus could 
spread to the brainstem directly through mechanoreceptors 
and chemoreceptors located in the lung and the lower 
respiratory tract (Hadziefendic and Haxhiu 1999). 
Although there has been a growing body of studies 
revealing the pathological characteristics of SARS-CoV-2 
(Natoli et al. 2020), the hypothesis proposed above still 
need to be validated in COVID-19 cases or animal models.

The expression of ACE2 in human neurons brings 
up the neuro-invasive potential of SARS-CoV-2 and the 
possibility that infected neurons could affect the patient’s 
ability to breathe and deteriorate respiratory function. This 
suggests that respiratory failure in severe COVID-19 cases 
might be treated from the perspective of the CNS.
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