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Evidence is mounting that the novel corona virus SARS-CoV2 inflicts neurological
symptoms in a subgroup of COVID-19 patients. While plenty of theories on the route
of neuroinvasion have been proposed, little histological evidence has been presented
supporting any of these hypotheses. Therefore, we carried out immunostainings for
ACE2 and TMPRSS2, two proteinases crucial for the entry of SARS-CoV2 into host
cells, in the human enteric nervous system (ENS), as well as in the choroid plexus
of the lateral ventricles. Both of these sites are important, yet often neglected entry
gates to the nervous system. We found that ACE2 and TMPRSS2 are expressed by
enteric neurons and glial cells of the small and large intestine, as well as choroid plexus
epithelial cells, indicating that these cells meet the molecular requirements for viral
entry. Together, our results are fundamental histological evidence substantiating current
theories of neuroinvasion by SARS-CoV2.
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INTRODUCTION

Since December 2019, the current COVID-19 pandemic, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV2), led to over 21.2 million reported cases and more than
761,700 deaths around the globe (WHO, 2020). Symptoms primarily involve coughing and
dyspnea, but also fever, muscle soreness, acute respiratory distress syndrome, or diarrhea (Sun
et al., 2020). While the respiratory symptoms most often are decisive for intensive care measures
(Wang et al., 2020), approximately 30% of COVID-19 patients suffer from additional neurological
symptoms including anosmia, dysgeusia, headache, fatigue, neuralgia, disorientation, epileptic
seizures, pyramidal signs, nausea, or vomiting (Bösel and Berlit, 2020; Leonardi et al., 2020).
Therefore, interest sparked in the pathogenesis of these neurological manifestations and more
urgently in the routes of neuroinvasion by SARS-CoV2. While the neuroinvasive routes via the
olfactory epithelium/olfactory nerve or via the blood-brain barrier have gained much attention,
viral transmission via the enteric nervous system (ENS) or the cerebrospinal fluid (CSF), remains
poorly investigated.
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Recently, the angiotensin I converting enzyme 2 (ACE2) was
shown to serve as a cellular receptor on the host cell membrane
essential for transmission by SARS-CoV2 (Qiu et al., 2020; Yan
et al., 2020; Zhou et al., 2020). The exact mechanisms of virus
entry remain fragmentary, but binding of the viral spike protein
(S protein) to ACE2 as well as priming of S proteins by the
serine protease TMPRSS2 are substantial elements of the process
(Hoffmann et al., 2020). Surprisingly, the expression patterns
of ACE2 and TMPRSS2, which determine cellular entry routes,
have been investigated scarcely in human organs other than the
respiratory system (Ziegler et al., 2020). While previous studies
found ACE2-mRNA expression in virtually all human organs
(Devaux et al., 2020), the corresponding protein expression
was much more restricted to epithelia, especially in enterocytes
of the small intestine, alveolar epithelial cells of the lungs,
vascular endothelial cells, proximal tubular cells, and glomerular
epithelium in the kidney, but also, less intense, in smooth muscle
cells (Hamming et al., 2004).

Since gastrointestinal symptoms and the presence of virus
nucleic acids in the stool of COVID-19 patients have been
reported repeatedly (Li Z. et al., 2020; Zhang et al., 2020), Esposito
et al. (2020) recently suggested that the ENS could serve as an
entry route to the brain. One of the proposed pathways implicate
that infected enteric neurons could serve as direct entry to the
CNS by passing on the virus via the gut brain axis (e.g., via
the vagus nerve or splanchnic nerves). In fact, a comparable
mechanism with infection of enteric neurons with successive
virus persistence (Brun et al., 2010) as well as neurogenic
transmission was previously shown for herpes (Khoury-Hanold
et al., 2016) and influenza (Park et al., 2002) viruses. Additionally,
Esposito et al. (2020) propose a secondary effect, by which an
infected ENS could contribute to and aggravate the cytokine
storm elicited by COVID-19. This theory is substantiated by
extensive work showing the immunological properties of enteric
glial cells (reviewed in detail by Yoo and Mazmanian, 2017). Yet,
although other coronaviruses, such as SARS-CoV and MERS-
CoV, cause gastrointestinal symptoms as well (Petrosillo et al.,
2020), a detailed investigation of the protein expression of ACE2
or TMPRSS2 has not been carried out in the ENS so far.

Various coronaviruses were shown to enter the cerebrospinal
fluid (CSF) both in animal experiments and in patients with
neurological symptoms (De Felice et al., 2020). In addition, RNA
of the SARS-CoV and of the current SARS-CoV2 were detected
in the CSF of patients with neurological symptoms (Hung et al.,
2003; Moriguchi et al., 2020). Yet, little is known about how
these viruses enter the CSF (Cataldi et al., 2020). While most
authors proposed a dysfunctional blood–brain barrier (De Felice
et al., 2020), the anatomical route via fenestrated capillaries
in the circumventricular organs and the choroid plexus, and
successively the potential infection of ependymal and plexus
epithelium cells has been largely neglected. Moreover, contrary
to the exclusively neuronal transmission through the lamina
cribrosa mentioned above, coronaviruses were also proposed
to enter the CSF via the nasal mucosa and subsequently the
perineural spaces of the olfactory nerve (Li Z. et al., 2020),
thereby allowing for a secondary infection of circumventricular
areas. Therefore, it is conceivable that virus particles enter

the brain parenchyma at these locations, potentially leading
to dysregulation of the water-electrolyte homeostasis in the
CSF and brain or even act directly on neuronal functions of
circumventricular circuits, such as in the area postrema. Both of
these mechanisms could explain reported symptoms of dizziness
or vomiting in COVID-19 patients. Although similar infection
routes are known from other pathogens, no data on the protein
expression and localization of ACE2 and TMPRSS2 is available in
these areas of the human brain.

In this work, we focused on the protein expression and
localization of ACE2 and TMPRSS2 in tissues at the interface
between the nervous system and non-neuronal organs and
systems. To do so, we carried out immunostainings on paraffin
and cryosections of the small and large intestine, choroid plexus,
and adjacent brain parenchyma in patient-derived and post-
mortem material. We report evidence for the expression of ACE2
and TMPRSS2 on protein level in the ENS, choroid plexus
epithelium, and the blood brain barrier, which previously only
has been presumed based on mRNA data. Thus, our data are
constitutive histological evidence for hypothesized alternative
routes for neuroinvasion by SARS-CoV-2.

MATERIALS AND METHODS

Patient Specimens
Human gut samples were obtained from nine males and
female patients aged 3 months and 8 years who were operated
due to imperforate anus, intestinal obstruction syndrome, or
rhabdomyosarcoma (Supplementary Table S1). All samples were
collected after approval of the local ethical committee (Project Nr.
652/2019BO2) and with the consent of the patients’ parents.

Post-mortem Specimens
Human choroid plexus was collected from eight cadavers donated
to the Institute of Clinical Anatomy and Cell Analysis in
Tübingen by female and male volunteers aged between 74 and 94.
The body donors gave their informed consent in concert with the
declaration of Helsinki to use the cadaver for research purposes.
The procedure was approved by the ethics commission at the
Medical Department of the University of Tübingen (Project Nr.
237/2007 BO1). Samples were taken within 8 to 19 h post-mortem
(Supplementary Table S2).

Histological Workup
Before embedding, tissue samples were fixated with 4% (w/v)
phosphate buffered p-formaldehyde (Applichem, Darmstadt,
Germany) overnight and rinsed three times with phosphate-
buffered saline (PBS).

For cryoconservation, fixed samples were frozen in
isopentane-nitrogen cooled TissueTek R© (Sakura, Staufen,
Germany) and stored at −80◦C until further processing.
Before staining, cryosections (15 µm) were dried for 1 h
at room temperature, following rehydration with distilled
water for 30 min.

For paraffin embedding, fixed tissue samples were dehydrated
in an ascending alcohol series, followed by xylene and overnight
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infiltration of Paraffin at 60◦C. Before staining, paraffin sections
(5–10 µm) were dewaxed by xylene and a descending alcohol
series and were rinsed once with distilled water. Next, sections
were pre-treated with boiled citric acid monohydrate buffer
(10 mM, pH 6.0, Merck, Darmstadt, Germany) for 3 min and
cooled down at room temperature.

Immunohistochemistry
To prevent unspecific binding of antibodies, samples were
blocked for 30 min with PBS containing 4% (v/v) goat serum
(Biochrom, Berlin, Germany), 0.1% (v/v) bovine serum albumin
(Roth, Karlsruhe, Germany), and 0.1% (v/v) Triton R© X-100
(Roth, Karlsruhe, Germany), followed by incubation of primary
antibodies (Supplementary Table S3) diluted in PBS with 0.1%
(v/v) bovine serum albumin and 0.1% (v/v) Triton R© X-100
overnight at 4 ◦C in a humidity chamber. Afterward, samples
were washed with PBS three times for 5 to 10 min. The secondary
antibody (Supplementary Table S4) was diluted in PBS, 0.1%
(v/v) Triton X-100, and 0.1% (w/v) BSA and incubated for 60 to
90 min at room temperature. Nuclear staining was carried out
with 4′,6-diamidino-2-phenylindole (DAPI) or DRAQ5 solution
(200 ng/ml; Roth). After two washing steps with PBS for 5 to
10 min, the samples were washed in distilled water for 5 min,
followed by mounting with Kaiser’s glycerol gelatine (Merck,
Darmstadt, Germany) or Mowiol 4-88 (Roth).

Microscopy
Images were acquired using a Zeiss Axio Imager.Z1 fluorescence
microscope (Zeiss, Jena, Germany) with Apotome module, as
well as a confocal LSM510 Meta with laser lines at 488, 543,
633 nm for excitation and appropriate filter sets. Images were
acquired using ZEN software (Zeiss).

RESULTS

ACE2 and TMPRSS2 in the Human
Intestine
Immunoreactivity for ACE2 and TMPRSS2 was detected in
various layers and tissues of the intestinal wall (Figures 1–3),
including the ENS (detailed in the next section). Our stainings
confirmed previously reported expression of ACE2 in the
epithelial lining of the small and large intestine (Supplementary
Figure S2). While the expression was especially strong in the
brush border of the small intestine, there was also a cytoplasmic
staining clearly distinguishable. In addition to previous findings,
we found TMPRSS2 expression in the cytoplasm of enteric
epithelial cells, both in the small and large intestine. Although
we occasionally found a strong fluorescence at the apical cell
boundary, we did not detect a clear localization of TMPRSS2 in
the microvilli as we did for ACE2 (data not shown).

Furthermore, we found ACE2 expression in smooth muscle
cells in the Tunica muscularis as well as in the muscular
Tunica media of arterioles within the intestinal wall. These
smooth muscle cells also exhibited a uniform cytoplasmic
localization of ACE2 without visible concentration of ACE2 at

the plasma membrane. Moreover, we detected TMPRSS2 in the
Tunica muscularis as well, yet considerably weaker than in the
epithelium. Occasionally, endothelial cells of small capillaries
especially in the Tela submucosa exhibited a uniform, cytoplasmic
staining for ACE2. Although the endothelium of larger blood
vessels was negative, we found ACE2 staining of the smooth
musculature in the Tunica media of these vessels. TMPRSS2,
however, was not expressed by endothelial cells of the small and
large intestine.

ACE2 and TMPRSS2 in the Enteric
Nervous System
In addition to the expression pattern in the intestinal epithelium
in previous reports, we payed special attention to the localization
of ACE2 and TMPRSS2 in the ENS. Interestingly, we found
a cytoplasmic expression of ACE2 in the perikarya of enteric
neurons as well as glial cells, both in the myenteric and
submucous plexus (Figures 1, 2). The fluorescent intensity
of neuronal ACE2 was weaker in myenteric neurons than in
submucosal nerve cells. Intriguingly, however, the staining
of glial cells tended to be stronger in the myenteric ganglia
compared to submucosal ganglia. Moreover, the myenteric
plexus of the small intestine was stained less intense for ACE2
than the myenteric ganglia of the large intestine. Although the
staining of the myenteric ganglia was clearly distinguishable
from the surrounding ACE2-positive smooth musculature
in all investigated cases, the fluorescent intensity of most
neural cells was lower when compared to the intensely stained
brush border of the small intestinal enterocytes. Interestingly,
we found that enteric neurons exhibited different levels
of ACE2 staining intensity (Supplementary Figure S3),
suggesting that the expression level of ACE2 may vary between
neuronal subtypes. It is also noteworthy that we did not
detect any staining for ACE2 in the large neuronal fiber
bundles outside the ganglia or in the fine neurite network
surrounding the mucosal crypts, strongly indicating that
ACE2 is not expressed in the dendrites or axons of enteric
neurons or extrinsic nerve fibers. Moreover, we did not find
any ACE2 expression in glial cells residing in the Lamina
propria mucosae (type-III enteric glial cells) in the small
and large intestine (Supplementary Figures S4A,B). In
contrast, most extraganglionic enteric glia in the submucosa
stained for ACE2 (Supplementary Figure S4C), although
considerably weaker than type-I and type-II glial cells within
the ganglia and the connectives. Interestingly, we also found
enteric glial cells making contact to smaller blood vessels
with varying ACE2 staining intensities (Supplementary
Figure S4D). Within the Tunica muscularis, type-IV enteric
glial cells also expressed ACE2, however, this staining was
equally intense as the surrounding tissue (Supplementary
Figures S4E,F).

We also found TMPRSS2 expression in the ganglia of the
myenteric and submucous plexus (Figure 3). Both, enteric
neurons and glial cells exhibited cytoplasmic staining, partly with
marbled patterns or with fluorescent punctae. Intriguingly, the
overall fluorescent intensity of enteric ganglia was noticeably
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FIGURE 1 | ACE2 expression in the human ENS of the small intestine. (A) Overview of the entire gut wall of a small intestinal segment with immunofluorescence
stainings for ACE2 (red), the glial marker S100b (green), and with the nuclear marker DAPI (blue). The white rectangles indicate the location of the high power
magnification micrographs below showing a representative submucous and myenteric ganglion. (B,C) show representative submucous and myenteric ganglia
stained for ACE2 (red), DAPI (blue), and the neuronal markers PGP9.5 (B, red) or HuC/D (C, red). Clearly, a positive staining can be found in enteric neurons and, less
intense, in glial cells. The overview is a standard epifluorescence image; details are maximum intensity projections of optical sections by structured illumination. Scale
bars: overview 250 µm; details 50 µm.

stronger in the colon compared to the small intestine.
Thus, small intestinal myenteric ganglia often stained equally
intense as the surrounding smooth muscle tissue (Figure 3D
and see Supplementary Figure S1 for negative controls),
whereas ganglia in the large intestine exhibited a highly
fluorescent TMPRSS2 staining. It is therefore conceivable,
that the expression of both proteases differs between the
ganglia of different intestinal segments. Moreover, we did not
detect a TMPRSS2 signal in the exreganglionic (type-III) glial

cells in the Tela submucosa and Lamina propria mucosae
(data not shown).

ACE2 and TMPRSS2 in the Human
Choroid Plexus
Our staining on post-mortem human choroid plexus revealed
an intense protein expression of ACE2 and TMPRSS2 in
the vast majority of plexus epithelial cells (Figure 4). Both
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FIGURE 2 | ACE2 expression in the human ENS of the large intestine. (A) Overview of the entire gut wall of a colon segment with immunofluorescence stainings for
ACE2 (red), the glial marker S100b (green), and with the nuclear marker DAPI (blue). The white rectangles indicate the location of the high power magnification
micrographs below showing a representative submucous and myenteric ganglion. (B,C) show representative submucous and myenteric ganglia stained for ACE2
(red), DAPI (blue), and the neuronal markers PGP9.5 (B, red) or HuC/D (C, red). The ACE2 staining can be found in neurons and glial cells and is considerably
stronger in the colon compared to the small intestine. The overview is a standard epifluorescence image; details are maximum intensity projections of optical
sections by structured illumination. Scale bars: overview 250 µm; details 50 µm.

proteases were localized predominantly in intracellular
granules, arguably representing lysosomes or large vesicles.
Occasionally, we detected ACE2 immunoreactivity at the
apical and/or basolateral cell surface of epithelial cells

(Supplementary Figure S5). Generally, the staining intensity
was heterogeneous, especially in sections stained for TMPRSS2
we found few cells scattered throughout the epithelium
with a considerably higher expression throughout the
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FIGURE 3 | TMPRSS2 expression in the human ENS. (A) Overview of the entire gut wall of a colon segment with immunofluorescence stainings for TMPRSS2 (red),
the neuronal marker HuC/D (green), and the nuclear marker DAPI (blue). (B,C) show representative large intestinal myenteric ganglia stained for TMPRSS2 (red),
DAPI (blue), and the neuronal markers HuC/D (B, red) or PGP9.5 (C, red). (D) Representative myenteric ganglion in the small intestine stained for TMPRSS2 (red), the
glial marker S100b (green), and the nuclear marker DAPI (blue). Note that TMPRSS2 stainings were markedly stronger in enteric ganglia in the colon (A–C) than in
the small intestine (D). The overview is a standard epifluorescence image; details are maximum intensity projections of optical sections by structured illumination.
Scale bars: (A) 250 µm; (B–D) 50 µm.

entire cytoplasm when compared to neighboring epithelial
cells (Figure 4C).

In addition to the plexus epithelium, we investigated attaching
and accompanying tissues of the choroid plexus. The Tela
choroidea, consisting of connective tissue and embedded blood
vessels represents the stroma of the choroid plexus and is
attached to the brain parenchyma at the so-called Taenia. At
this Taenia, astroglial processes directly abut to the stromal

connective tissue of the choroid plexus, and the plexus epithelium
connects in a continuous sheet of cells to the ependyma
lining the brain ventricles. The astrocytic processes identified
by GFAP immunoreactivity showed an evenly distributed
cytoplasmic staining for ACE2 that was less intense than
in plexus epithelial cells (Figure 5). Interestingly, an equally
weak ACE2 expression was found also in ependymal cells.
Similarly, astrocyte processes were weakly positive for TMPRSS2.
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FIGURE 4 | Expression of ACE2 and TMPRSS2 in the human choroid plexus. (A) Overview and (B) high power images of sections through the human choroid
plexus of the lateral ventricle, in a transmitted light DIC image (left), immunostained for ACE2 (green) and the nuclear marker DRAQ5 (blue; middle). (B) Shows
representative plexus epithelial cells clearly positive for ACE2 (green). (C) Overview and (D) high power images of sections through the human choroid plexus of the
lateral ventricle immunostained for TMPRSS2 (green) and the nuclear marker DRAQ5 (blue; middle). (D) Shows that TMPRSS2 has a similar distribution in choroid
plexus epithelial as ACE2. All images are single optical sections (pinhole size 1 AU). Scale bars: (A,C) 20 µm; (B,D) 10 µm.

Ependymal cells, however, were largely devoid of TMPRSS2
immunoreactivity.

Within the brain parenchyma, only a subset of astrocytes
were weakly positive for ACE2 and TMPRSS2 (Supplementary
Figure S6). Occasionally, we detected both proteases located
in some astrocytic endfeed at the blood-brain interface in the
striatum and cortex. However, it is noteworthy that we were not
able to confirm this finding for all capillaries in this brain area.

DISCUSSION

While the respiratory symptoms of COVID-19 are paramount
in the treatment and current research, clinical evidence is
accumulating that a SARS-CoV2 infection of the nervous

system could aggravate the course of disease and arguably
plays an important role in systemic disease progression (Li
Y. C. et al., 2020; Li Z. et al., 2020). Although plenty of
theories have been proposed on how and where corona virus
particles could enter the nervous system (Briguglio et al.,
2020), there is remarkably little histological and anatomical
data available that would support any of these hypothesized
routes of virus entry. A few studies have used gene expression
analysis tools to identify mRNA expression of ACE2 and/or
TMPRSS2 (Devaux et al., 2020; Zhang et al., 2020), yet these
results must be interpreted with care since a post-transcriptional
regulation of these genes by miRNAs has been reported (Devaux
et al., 2020). In our study, we therefore evaluated the protein
expression pattern of ACE2 and TMPRSS2, two proteinases
involved in the cellular entry mechanism of SARS-CoV2, in
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FIGURE 5 | Expression of ACE2 and TMPRSS2 at the taenia choroidea. (A) Shows a DIC image of the interface between the human choroid plexus of the lateral
ventricle and the brain parenchyma (i.e., taenia choroidea), as well as stainings for ACE2 (green), the glial marker GFAP (red), and the nuclear marker DRAQ5 (blue).
The white rectangle indicates the location of the high power magnification micrograph showing ACE2 expression in ependymal cells at the ventricular surface. The
immunoreactivity for ACE2 is much higher in plexus epithelial cells than in ependymal cells or astrocytic processes. (B) Shows a corresponding section as a DIC
image and with stainings for TMPRSS2 (green), the glial marker GFAP (red), and the nuclear marker DRAQ5 (blue). Compared to the strong staining for TMPRSS2 in
the plexus epithelial cells, astrocyte processes are weakly stained. All images are single optical sections (pinhole size 1 AU). Scale bars: 50 µm.

two designated, often neglected, interfaces of the nervous
system in the intestine and at the blood-CSF-barrier. Thus,
we used small and large intestine resacted from pediatric
patients (ranging from 3 months to 8 years and 5 months of
age) and post-mortem specimens of the choroid plexus of the
lateral ventricles.

In general, neuroinvasion can conceivably occur via a neural
pathway (i.e., transferring the virus from neuron to neuron)
or via body fluids (i.e., hematogenic, lymphogenic, or via the
cerebrospinal fluid), as recently reviewed by Li Z. et al. (2020).
Thus, an infection of the neuronal network of the ENS and
successive transmission of SARS-CoV2 via the vagal, splanchnic,
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or spinal nerves into the CNS is therefore a potential route
that is currently discussed (Briguglio et al., 2020). Interestingly,
similar pathways have been proposed for other viral infections
(Park et al., 2002) and for the gut-to-brain transport of misfolded
α-synuclein in Parkinson’s disease (Holmqvist et al., 2014).
Moreover, other corona virus infections, such as SARS or MERS,
often exhibit gastrointestinal pathologies (Petrosillo et al., 2020),
sometimes even preceding the respiratory symptoms (Mackay
and Arden, 2015). Our results substantiate the hypothesis of an
ENS-transmitted nervous system entry in that enteric neurons
do express ACE2 and TMPRSS2, thereby meeting the histological
prerequisites for such an infection. Interestingly, we found
differences in the expression level of ACE2 in different enteric
neurons, indicating that some neuronal subtypes and their
respective networks might be more susceptible to SARS-CoV2
entry than others. This idea is also substantiated by our findings
that ACE2 and especially TMPRSS2 expression was considerably
stronger in ENS cells of the colon compared to the small
intestine. However, we want to point out that ACE2 expression
may also vary within one particular neuronal subtype and that
immunohistological stainings do not allow precise quantification
of protein expression levels. It is up to future research to verify
our hypotheses and if applicable to identify more susceptible
neuronal subtypes and the potential influence of their infection
on the overall enteric function. It is noteworthy, however, that we
only found expression of ACE2 and TMPRSS2 in the perikarya,
but never in the neurites of the ENS, strongly indicating that an
infection would need to take place within the ganglia and that a
direct transmission from infected enterocytes to adjacent nerve
endings appears unlikely. Moreover, our results were gained
from pediatric specimens and future analyses should verify these
findings in the ENS of adult and elderly patients.

Additionally, we found ACE2 and TMPRSS2 in glial cells
of the ENS. Since enteric glial cells serve various functions,
including immune-regulation and antigen presentation (Bassotti
et al., 2007; da Silveira et al., 2011), an infection of these
cells would potentially compromise a proper immune response,
which in turn might contribute to a systemic spread of disease
or a cytokine storm. Similar to this indirect effect of an
ENS infection, other functions that are critically influenced by
the ENS could suffer and cause additional symptoms. Thus,
gut motility, intestinal blood flow, or the epithelial barrier
could become dysfunctional, in turn hampering important
defense mechanisms of the host against COVID-19 and other
opportunistic superinfections (Briguglio et al., 2020). Moreover,
recent reports link a higher incidence of glucose intolerance to
corona virus infections (Chee et al., 2020; Rubino et al., 2020), in
which ENS dysfunction arguably does play a role.

We also focused on histological evidence for a neuroinvasion
of SARS-CoV2 via the choroid plexus. Viral agents have
repeatedly shown to reach the CSF, often using the ensheathing
cells of the olfactory nerve as an entry route (reviewed recently
by Briguglio et al., 2020). Here, we evaluated the choroid plexus as
an alternative route for CSF or brain entry. Since the endothelium
of the blood vessels within the Tela choroidea are fenestrated, the
epithelium of the choroid plexus represents the major element of
the blood-CSF barrier (Wolburg and Mack, 2014; Pfeiffer et al.,

2017). Indeed, a previous report suggests that ACE2 is expressed
by the brush-border of the plexus epithelium; however, these
results relied on enzyme activity in the brush border without
any further histo-morphological correlation and were performed
in sheep (Marshall et al., 2013). Thus, two entry routes into
the choroid plexus epithelium appear possible, one apically via
the CSF and one via the fenestrated blood vessels. We now
found that human plexus epithelial cells express both ACE2 and
TMPRSS2 on protein level and therefore are potential targets
of a SARS-CoV2 infection. Intriguingly, our results show that
both of these proteinases are mainly located in granules within
the cytoplasm, with only occasional localization at the apical or
basolateral cell surface. As this conceivably would have influence
on the efficacy of viral entry, future research needs to elucidate
whether a regulatory mechanism exists in order to control a
translocation of ACE2 and TMPRSS2 from intracellular vesicle
stores to the cell surface. Moreover, Dahm et al. (2016) recently
reviewed possible entry mechanism used by viruses crossing the
blood-brain-barrier. However, our weak stainings for ACE2 and
TMPRSS2 in the brain parenchyma do not provide convincing
evidence for this notion. This does not exclude the possibility of
an ACE2-independent entry into the brain shuttled by immune
cells (Dahm et al., 2016). Additionally, a neuronal transmission
of SARS-CoV2 via the olfactory nerve appears unlikely since
ACE2 is expressed in the olfactory epithelium by sustentacular
cells, but not olfactory receptor neurons (Bilinska et al., 2020;
Klingenstein et al., 2020).

It is also noteworthy that although viral nucleic acids have
been found in the CSF of COVID-19 patients (Moriguchi
et al., 2020), there still is very limited data to estimate the
clinical relevance of SARS-CoV2 in the CSF. Just recently,
however, Jacob et al. (2020) showed in their pre-publication
manuscript that choroid plexus epithelial cells derived from
human pluripotent stem cells in vitro were highly susceptible
to SARS-CoV2 infections adding functional relevance to our
morphological findings. Moreover, one should keep in mind
that, similar to the ENS, an infection of the plexus epithelium
could also have indirect effects on the proper functioning of CSF
production as well as on water- and electrolyte homeostasis in the
brain. Furthermore, an alternative entry route via the meningeal
component of the Tela choroidea and a potential persistence of
SARS-CoV2 in cells of the nervous system should be considered
(Pfeiffer et al., 2017).

Taken together, our data provide fundamental evidence for
potential alternative routes for the neuroinvasion of SARS-
CoV2. The expression of ACE2 and TMPRSS2 in various cells
of the ENS and the choroid plexus will need to be elucidated
further in order to identify susceptible subpopulations. Also,
the biological function of ACE2 and TMPRSS2 in the ENS
and the choroid plexus remains elusive and a more detailed
understanding of their physiological role might explain clinical
phenomena. We critically want to point out that we did not
provide any functional evidence for an actual infection of these
cells by SARS-CoV2. Thus, functional transgenic animal models
as well as post-mortem examinations of COVID-19 patients with
neurological and/or gastroenterological symptoms will provide
highly valuable insights.
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FIGURE S1 | Negative controls for antibody stainings. (A,B) Overviews of
transversal sections of the human colon of two different patients treated with both
secondary antibodies as a negative control and the nuclear stain DAPI (blue) for
better orientation. The white rectangles indicate the location of the high power
magnification micrographs on the right. Arrowheads point at enteric neurons in the
submucous and myenteric plexus. (C,D) Overviews of sections through the
human choroid plexus treated with secondary antibodies as a negative control
and the nuclear stain DRAQ5 (blue) for better orientation. The microscope settings
were the same as for the single channel stainings in Figure 4C and for double
stainings in Figure 5D. (A,B) Are standard epifluorescence images; (C,D) are
single optical sections (pinhole size 1 AU). Scale bars: (A,B) 500 µm;
(C,D) 50 µm.

FIGURE S2 | ACE2 expression in the intestinal epithelium. Overviews of the
Tunica muscosa of the human small intestine (A) and colon (B) stained for ACE2
(red) and the nuclear stain DAPI (blue). The white rectangles indicate the location
of the respective high power magnification insets. Especially the brush border of
the small intestine exhibits a highly intense staining. All images are maximum
intensity projections of optical slices by structured illumination. Scale bars:
overviews 100 µm; insets 20 µm.

FIGURE S3 | Variable expression levels of ACE2 in submucosal enteric neurons.
(A,B) show maximum intensity projections of representative submucous ganglia of
the human small intestine stained for ACE2 (red) and the nuclear stain DAPI (blue).
Arrows point to enteric neurons with a weak expression of ACE2, arrowheads
point to neurons with a highly intense ACE2 staining. Scale bars: 20 µm.

FIGURE S4 | ACE2 expression in extraganglionic enteric glial cells. Shows type-III
enteric glial cells (S100b in green) in the Lamina propria mucosae of the small (A)
and large (B) intestine, not exhibiting any ACE2 immunoreactivity (red). (C,D)
Depict extraganglionic glial cells in the Tela submucosa, most of which express
ACE2. In (D), enteric glial cells in close contact to blood vessels are shown, with
ACE2 expressed especially by smooth muscle cells of the Tunica media and the
glial cells, however, with varying intensity. (E,F) show type-IV enteric glial cells
within the smooth musculature of the Tunica muscularis in the small (E) and large
(F) intestine. ACE2 is expressed in these cell with the same intensity as in the
surrounding muscle tissue. All images are maximum intensity projection of optical
sections by structured illumination. Scale bars: 20 µm.

FIGURE S5 | Differential subcellular localization of ACE2 in epithelial cells of the
human choroid plexus. (A) Shows a DIC image of epithelial cells of the human
choroid plexus. In (B) immunostainings for ACE2 (green) reveal two types of
subcellular localization of the protease: in intracellular vesicles (arrow) or at the cell
surface (arrowheads). Shown is a single optical section (pinhole size 1 AU). (C)
The image is the merged image. Scale bars: 10 µm.

FIGURE S6 | ACE2 and TMPRSS2 expression at the blood-brain barrier in the
human striatum. (A) Shows a section of the human striatum immunostained for
ACE2 (green) and GFAP (red). ACE2 can be detected in some astrocytic cell
processes and occasionally surrounding vessels. In (B) immunostainings for
TMPRSS2 (green) and GFAP (red) are depicted. TMPRSS2 is expressed in some
astrocytic endfeed at the blood–brain interface. The asterisk indicates the lumen
of a capillary. All images are single optical sections (pinhole size 1 AU). Scale
bars: 20 µm.
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