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Human pluripotent stem cell-derived functional sympathetic neurons
express ACE2 and RAAS components: a framework for studying
the effect of COVID-19 on sympathetic responsiveness
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Since its onset in 2019, SARS-CoV-2/COVID-19 has had
a devastating impact on the entire world. Respiratory and
cardiovascular symptoms, such as dyspnea and arrhyth-
mias, are the most common life-threatening outcomes after
COVID-19 infection. These symptoms can be amplified by
comorbidities, including chronic obstructive pulmonary
disease (COPD), heart failure, renal damage, obesity, and
metabolic diseases. It has been suggested that COVID-19
symptoms, comorbidities, and mortality are associated with
dysregulation and overactivity of the sympathetic nervous
system (SNS) [1]. Additionally, patients with so-called long-
COVID (post-acute COVID-19) suffer from palpitations and
orthostatic intolerance syndrome [2] that could be caused
by a disruption of the autonomic nervous system. SARS-
CoV-2 infection may thus trigger additional SNS discharge,
perpetuating these problems. However, it has not yet been
shown whether and how the virus impacts sympathetic neu-
ron (symN) functions. Here, we use human pluripotent stem
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cell (hPSC)-derived symNs [3] to demonstrate that the cel-
lular components that are necessary to trigger SARS-CoV-2
infection are present on symNs and contribute to imbalance
of the renin—angiotensin—aldosterone system (RAAS), thus
potentially exacerbating COVID-19 symptoms.

The main entrance for SARS-CoV-2 into cells is the
angiotensin-converting enzyme 2 (ACE2, Supp. Fig. 1a),
which is part of the RAAS that is responsible for regulat-
ing blood volume and systemic vascular resistance. The
RAAS consists of two antagonistic pathways: (1) ACE1/
angiotensin II (Ang II)/angiotensin receptor 1/2 (AGTR,,)
activation, which leads to inflammation, vasoconstriction,
and cell death and triggers hypertension and cardiopulmo-
nary disease, and (2) ACE2/angiotensin (1-7) (Ang 1-7)/
Mas receptor (MasR), which activates cell protective and
vasodilatory effects and protects against hypertension and
cardiopulmonary disease (Supp. Fig. 1b). The balance of
these pathways within the RAAS is crucial, and its disrup-
tion has been associated with hypertension, inflammation,
cardiovascular disease, and hyperactivity of the SNS [4].
SARS-CoV-2 generally infects cells by binding and internal-
izing ACE2, which reduces available receptor levels on the
cell surface. Thus, it negatively skews the RAAS balance,
resulting in increased Ang II levels and inflammatory signal-
ing, which triggers SNS hyperactivation [4] and hyperten-
sion, both of which worsen COVID-19 symptoms [2].

Expression levels of ACE2 have been assessed in various
tissues, including lung, heart, intestine, and brain, and have
been found to be correlated with SARS-CoV-2 infection-
related tissue damage [5]. Interestingly, the role of the SNS
in SARS-CoV-2 infection and symptom perpetuation has
not been investigated to date, despite its role as a regula-
tor of organ homeostasis. Sympathetic hyperactivation has
been reported in the aging population and in people with
pre-existing comorbidities such as chronic lung disease and
hypertension, as well as in SARS-CoV-2 infected patients
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[1]. ACE2 and RAAS components have been detected in ~ been shown whether SARS-CoV-2 infects human symNs.
human and rodent stellate ganglia [6] and in human dorsal ~ Furthermore, it remains unclear how the SNS and its regula-
root ganglia [7]. However, to our knowledge, it has not yet  tory abilities are affected by SARS-CoV-2 infection [2] and
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«Fig.1 The presence of ACE2 and RAAS component expression
in hPSC-derived sympathetic neurons (symNs) suggests them as a
novel modeling system to study COVID-19-related complications.
a RAAS component gene expression in hPSC-symNs and b cardio-
myocytes (CM) by RT-qPCR. ¢ RAAS component gene expression
in day 30 hPSC-symNs and adipose-derived hMSCs by western blot.
d ACE2 and peripherin (PRPH) immunofluorescence staining in day
30 symNs and hMSCs. Changes in ACE2 expression levels in day 35
symNs under treatments with losartan (e) and lisinopril (f) for 24 h.
g Western blot analysis supports the increased ACE2 expression
after 1 pM lisinopril treatment. h Beating rate in hPSC-CMs treated
with 1 pM LIS for 24 h. i SymN activity under treatment for 1 h with
Ang II (1 nM) and MLN measured by MEA. j Pseudovirus-infected
GFP?" cells are shown in phase-contrast live image and co-stained
with PRPH (inset). k SymN activity under treatment for 1 h with Ang
IT and 24 h with pseudovirus measured by MEA. 1, m Comparison
of ACE2 expression levels between male and female hPSC-derived
symNs performed by RT-qPCR (1) and western blot (m). n Summary
of symN-mediated pathology and potential future applications of this
model system. FC fold change. *P <0.05, **P<0.01, ***P <0.001,
*#%%P <(0.0001, ¢ test for (h, 1), One-way ANOVA for (e, f, i, k).
Error bars are shown as SEM

its downstream effects on the RAAS. One reason for this
gap in knowledge is the lack of a human modeling system
to assess symN response for research. SNS functional tests
in patients mainly rely on indirect indexes, such as sweat-
ing, blood pressure, and heart rate measurements [8]. Direct
measurements of neural activity in human symNs are not
feasible, since such cells cannot be easily obtained from
subjects. Rodent models have naturally low susceptibility to
SARS-CoV-2 since the mouse ACE2 receptors do not effec-
tively bind the virus. Artificial modifications such as human
ACE2 (hACE2)-expressing mice or mouse-sensitized virus
are therefore used [9]. Unpublished data (SfN 2021, poster
#P322.06) further suggest that symNs in hACE2 transgenic
mice are infected with SARS-CoV-2 at low levels. Here, we
employ the powerful hPSC technology [10] that allows us
to derive untransformed, functional human symNs. These
hPSC-derived symNs provide a modeling system to study
the cellular components necessary for SARS-CoV-2 infec-
tion and its potential downstream effects. This model system
can be used to assess symN pathologies and it may provide
a framework for studying the effects of COVID-19 on sym-
pathetic responsiveness.

We previously established an efficient, fast, and easy-to-
use differentiation protocol to generate functional symNs
from hPSCs [3]. This protocol and further improvements
from our lab (as yet unpublished) yield a highly pure
(~80%) population of neurons with a high specificity of
symNs (>90% of neurons are TH*/PHOX2B™) [3]. We have
applied this and its precursor protocols for disease modeling,
for example of the genetic, sympathetic disorder familial
dysautonomia [3, 11]. Here, we first tested whether the
cellular components that would allow SARS-CoV-2 entry
were preserved in our symN model system. We differenti-
ated symNs from the hPSC line H9/WAOQ9 for 30 days, a

time point when the neurons are functionally active (i.e.,
fire action potentials) [3]. Quantitative reverse transcription
polymerase chain reaction (RT-qPCR) analysis showed that
human symNs express ACE2, MasR, AGTR1, and AGTR2
(Fig. 1a). We also confirmed that the ACE2 levels were not
affected by cryopreservation during symN differentiation
(Supp. Fig. 1c). In addition, low expression of TMPRSS2
(transmembrane serine protease 2), which mediates ACE2
priming and viral entry [12], and ADAM17 (A disintegrin
and metalloproteinase 17), which regulates ACE2 shedding
[13], were also observed (Fig. 1a). As a parallel assess-
ment, we used hPSC-derived cardiomyocytes (hPSC-CMs)
[14], since ACE2 expression in this cell type is well docu-
mented [15]. CMs expressed higher mRNA levels of ACE2
compared to symNs (Fig. 1b), consistent with findings of
higher ACE2 levels in human heart tissues compared to the
nervous system [5]. However, expression levels of MasR,
TMPRSS2, AT R, AT,R, and ADAM17 were comparable
or higher in symNs, which might indicate SNS sensitivity
to an unbalanced RAAS axis during SARS-CoV-2 infection.
The expression of ACE2 and RAAS components was also
validated by western blot (Fig. 1¢) and immunofluorescence
(IF, Fig. 1d). To ensure antibody specificity, we compared
hPSC-derived symNs with human mesenchymal stromal
cells (hMSCs), which are negative for ACE2 [16]. We
observed consistent expression levels of ACE2, ADAM17,
and AGTR1/2 in six unrelated symN batches (Fig. 1c, Supp.
Fig. 1d). Interestingly, hMSCs expressed a very high level
of ADAM17, which may explain why hMSC is ACE2-null
(Fig. 1c). IF analysis confirmed solid ACE2 expression in
symNs, co-stained with peripheral neuron marker peripherin
(Fig. 1d), and again showed the absence of ACE2 in hMSCs.

A RAAS that is unbalanced towards ACE1/Ang II/
AGTRs is associated with disease, including hypertension
and cardiovascular disease [2]. ACE1 inhibitors (ACEi) and
Ang II receptor blockers (ARB) are common treatments for
high blood pressure and are known to increase ACE2 expres-
sion [17], fueling some worries that patients who are tak-
ing these drugs might be more susceptible to SARS-CoV-2
infection [18]. Accordingly, assessment of ACE2 levels in
response to treatment with ACEi/ARBs is a critical clini-
cal evaluation. We, therefore, tested whether ACE2 lev-
els change in response to ARB and ACEi in symNs using
our model system. We treated hPSC-derived symNs with
losartan (an ARB) and lisinopril (an ACE1li) and analyzed
ACE2 expression changes after 24 h. We found that, while
losartan showed no significant effect on ACE2 expression
levels in symNs (Fig. 1e), lisinopril significantly increased
ACE?2 levels in these cells (Fig. 1f, g). As a comparison/
control, we also assessed ACE2 expression in hPSC-derived
CMs. Lisinopril treatment of hPSC-derived CMs did not
increase ACE2 expression significantly (Supp. Fig. le). It
remains somewhat unclear how to interpret these data in
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the context of the current literature, as some reports in CMs
of animal models have shown an increase in ACE2 mRNA
levels, whereas others have shown no change in ACE2 activ-
ity after lisinopril treatment [18, 19]. Additionally, a recent
report showed that pretreatment of hPSC-derived CMs with
lisinopril or losartan did not alter susceptibility to SARS-
CoV-2 infection [15]. Nevertheless, lisinopril is known to
exert cardioprotective effects [20, 21] by modulating cardiac
contractility/membrane ionic currents [20, 21]. Thus, we
also checked CM beating rate, and found that in our system,
lisinopril lowered the beating rate of CMs (Fig. 1h). We also
confirmed that lisinopril did not cause toxicity in symNs (not
shown) or CMs (Supp. Fig. 1f). Together, these data support
the possibility that the use of lisinopril during the COVID-
19 pandemic might increase patients’ susceptibility to infec-
tion of symNs, due to its effects of increasing ACE2 expres-
sion and providing more entry points for the virus.
Considering the fact that the SNS innervates most organs,
including the lungs, and given the current pathology of
SARS-CoV-2, we hypothesized that the SNS may be one
of the secondary tissues that are infected and affected by
the virus. SARS-CoV-2 infection of primary tissue, such
as the lungs, triggers a release of Ang II by the infected
tissue, which further triggers a systemic proinflammatory
response and vasoconstriction. Viral entry into the cell
results in downregulation of ACE2, which leads to further
accumulation of Ang II. To evaluate the response of the SNS
to these events, we first treated symNs with Ang II. Using a
multi-electrode array (MEA) system to measure symN fir-
ing in live cells, we found that Ang II treatment significantly
increased symN activity (Fig. 1i, Supp. Fig. 1g). To further
mimic ACE2 downregulation after SARS-CoV-2 infection,
we treated symNs with Ang II and MLN-4760, an ACE2
inhibitor, which further increased symN activity (Fig. 11).
ACE2 expression in human dorsal root ganglia, the sen-
sory branch of the peripheral nervous system (PNS), has
been reported recently, and the implications of SARS-CoV-2
infection for PNS neurons have been discussed [7]. How-
ever, to our knowledge, there have been no reports show-
ing whether SARS-CoV-2 infects human symNs. Thus, we
next sought to investigate and mimic the stage when symNs
are directly infected by the virus. We used a commercially
available SARS-CoV-2 pseudovirus, i.e. BSL-1 baculovirus
pseudotyped with the original SARS-CoV-2 spike protein,
found in Wuhan, China, which also expresses the mNeon-
Green fluorescent reporter. After treating hPSC-derived
symNs with the pseudovirus for 24 h, we detected infected
symNs (green fluorescent protein [GFP]*/PRPH") within the
typical self-organized neural clusters (Fig. 1j). We quantified
the infection rate by counting clusters with a GFP signal.
Approximately 20% of neurons within clusters derived from
four independent differentiations were GFP™, thus infected.
Additionally, using enzyme-linked immunosorbent assay
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(ELISA) quantification of our pseudovirus-infected symN
cultures, we observed a viral dose-dependent increase in the
GFP signal (Supp. Fig. 1h). Of note, approximately 20%
of the cells in our symN cultures of unknown character [3]
also were infected at a similar rate, which is a confound-
ing factor when interpreting the ELISA data. We next asked
whether pseudovirus-treated symNs fired action potentials
at an increased rate. MEA measurements showed that viral
infection alone did not increase the firing rate (Fig. 1k),
likely due to the lack of infection-associated Ang Il increase
and/or proinflammatory signals. Thus, we added Ang II to
the infected cultures. Indeed, co-treatment with pseudovirus
and Ang II significantly increased the firing rate of symNs
(Fig. 1k). In sum, our data suggest that symN activity might
increase in SARS-CoV-2 infected patients and that SNS
hyperactivation might be an important factor in the patho-
physiology of COVID-19, as it may lead to exacerbation of
symptoms. The model we propose here will be instrumental
in further assessing these and other hypotheses.

The hPSC-based symN model that we use here appears
to be a promising tool for assessing both the pathophysiol-
ogy and emerging treatments for COVID-19 with respect
to the responsiveness of symNs. To further test the useful-
ness of our model system, we focused on a reported find-
ing that males have a higher risk for SARS-CoV-2 infec-
tion and complications than females [22]. To test whether
there is a gender difference in ACE2 expression in symNs,
we differentiated symNs from three female [H9/WAQ9,
C1 (Coriell #AG02602) and A1 (Coriell #GMO04895)] and
three male [MEL1, HI/WAO1, and hFDn-iPSC (in house)]
hPSC lines. We found that female symNs had significantly
lower ACE2 expression compared to male symNs (Fig. 11,
m). This result highlights the usefulness of our symN
model system.

Here, we propose an hPSC-based model of symNs that
may be useful for studying SNS-associated effects of SARS-
CoV-2 infection and could provide a platform for future drug
testing and screening. Using this model, we confirmed previ-
ous reports [6] that ACE2/RAAS components are expressed
in human symNs. We further showed that their electrical
activity is sensitive to Ang II, ACE2 downregulation, and
SARS-CoV-2 pseudovirus infection. Thus, SARS-CoV-
2-mediated ACE2 downregulation in symNs (and other
organs) in combination with Ang IT upregulation and inflam-
matory factors may all lead to increased SNS activation and
may exacerbate respiratory dysfunction and cardiovascular
symptoms (Fig. 1n, yellow shading). This human symN-
based modeling system may serve as a crucial tool for
predicting and testing the sympathetic outcome for future
SARS-CoV-2 therapeutics (Fig. 1n, green shading).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10286-021-00850-1.
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