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Abstract: SARS-CoV-2 causes acute respiratory disease, but many patients also experience neuro-
logical complications. Neuropathological changes with pronounced neuroinflammation have been
described in individuals after lethal COVID-19, as well as in the CSF of hospitalized patients with neu-
rological complications. To assess whether neuropathological changes can occur after a SARS-CoV-2
infection, leading to mild-to-moderate disease, we investigated the brains of four rhesus and four
cynomolgus macaques after pulmonary disease and without overt clinical symptoms. Postmortem
analysis demonstrated the infiltration of T-cells and activated microglia in the parenchyma of all
infected animals, even in the absence of viral antigen or RNA. Moreover, intracellular x-synuclein ag-
gregates were found in the brains of both macaque species. The heterogeneity of these manifestations
in the brains indicates the virus’ neuropathological potential and should be considered a warning for
long-term health risks, following SARS-CoV-2 infection.

Keywords: SARS-CoV-2; macaques; neuroinflammation; COVID-19; positron emission tomography-
computed tomography; x-synuclein

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) predominantly affects
the respiratory organs, but over 30% of the hospitalized COVID-19 patients also suffer
from neurological manifestations, including loss of smell or taste, delirium, diminished
consciousness, epilepsy, and psychosis [1]. Furthermore, SARS-CoV-2 has been associated
with cases of meningitis, encephalitis, and Guillain-Barré syndrome [2]. In addition, several
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case studies reported patients with COVID-19 who developed clinical parkinsonism within
2-5 weeks after SARS-CoV-2 infection [3-6].

Postmortem analysis of brain tissue from patients who died from severe COVID-
19 demonstrates neuropathological changes, such as increased glial activation and the
infiltration of T-cells [7,8]. Hence, there is growing concern about the long-term conse-
quences for people who experienced only a mild, or even an asymptomatic, infection. At
this point, however, it is poorly understood whether neuropathological changes are also
present after a mild-to-moderate disease. To address this issue, we studied the brains of
SARS-CoV-2-infected macaques.

Different animal models have been applied to investigate the neuroinvasive properties
of SARS-CoV-2, as well as the virus’s potential to cause neuropathology [9,10]. SARS-
CoV-2 infection-induced meningoencephalitis in human ACE2-transgenic mice within
2 days post-infection (dpi) and viral antigens were detected in various brain areas [11].
Studies using K18-hACE mice and hamsters also evidenced SARS-CoV-2 in the brain and
confirmed the inflammatory processes that led to neuronal damage [12,13]; neuropathology
was also seen in deer mice [14]. Non-human primates (NHPs), in particular macaques, are
highly relevant models for COVID-19 research [15], but NHP studies describing SARS-
CoV-2 neuroinvasion and neuropathology are limited. Choudhary et al. [16] describe
viral encephalitis in a macaque euthanized at 7/8 dpi, but no viral RNA was detected.
Intranasal inoculation of rhesus macaques led to neuroinflammation in the CNS and viral
RNA detection in the nasal mucosa and CNS [17]. However, these animal studies have
focused on the first two weeks of SARS-CoV-2 infection, which corresponds to the acute,
viremic phase of infection in humans, in which various neurological symptoms, such as
loss of smell and taste, appear. Yet, in many patients, symptoms persist or even worsen
after the viremic phase, eventually leading to post-acute consequences of SARS-CoV-2 or
long-term COVID. We focused our research on the post-acute phase of the SARS-CoV-2
infection in the macaque model, two to six weeks after experimental infection.

Four male rhesus and four male cynomolgus macaques were exposed to SARS-CoV-2
and developed, after infection, mild-to-moderate pulmonary disease symptoms [18]. In this
manuscript, we report on the brains of the previous study subjects, which were systemati-
cally dissected and monitored for the presence of the virus, evidence of neuroinflammatory
processes, and accumulation of the proteins related to neurological disorders [19].

2. Materials and Methods
2.1. Animals and SARS-CoV-2 Infection

The animals and infection study were previously described in detail [18]. Relevant
parameters are summarized in Table 1. In brief, four male rhesus macaques (Macaca mulatta)
and four male cynomolgus macaques (Macaca fascicularis) received 10° TCIDs of SARS-CoV-
2 (strain BetaCoV /BavPat1/2020) via the intratracheal and intranasal route. Viral shedding
was observed in all animals, and all animals seroconverted for SARS-CoV-2-specific IgG
within 17 days pi. Computed tomography (CT) revealed mild-to-moderate pulmonary
disease. None of the animals showed overt COVID-19 clinical signs, other than occasional
sneezing. The research protocol was approved by the appropriate national authorities
(CCD, Central Committee for Animal Experiments; license number AVD5020020209404)
and institutional Animal Welfare Body (AWB) (in Dutch: Instantie voor Dierenwelzijn,
IvD). To assess the potential neurological impact of the virus, the brains were collected five
to six weeks after SARS-CoV-2 infection. For comparison of the histological findings, we
evaluated brains from age-matched uninfected macaques from the BPRC biobank. The
details of the animals used as a control for histology, and the controls for PET-CT are
summarized in Supplementary Table S1.
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Table 1. Animals used in the study.

Code

Age Weight Shedding  Seroconversion Euthanasia

Cum VL1  Cum CT?

(years) (kg) (dpi) 3 (dpi) (dpi)

Rhesus

R14002 R1 6 8.2 2.10 x 107 12 1-10 16 36
R15080 R2 5 7.9 2.69 x 10° 8 1-4 16 35
R15090 R3 5 7.8 4.64 x 10° 4 1-5 16 36
R15096 R4 5 8.7 1.70 x 10* 22 1 16 35

Cynomolgus

J16004 C1 4 5.7 1.28 x 10° 14 1-4 12 42
J16012 Cc2 4 3.3 3.00 x 10° 30 1-2 12 38
J16017 C3 4 49 1.92 x 108 9 1-6 12 38
Ji04080 C4 16 9.7 1.19 x 10° 18 1-3 17 42

I Cumulative virus load. Sum of virus loads measured at days 0, 2, 4, 6, 8,10, 12, 14, 16, and 22 pi. 2 Cumulative
CT scores; sum of the CT scores of the lungs of each timepoint were measured at days 0, 2, 4, 6, 10, 12, 14, 16, 22,
and 30 pi, as well as the day of euthanasia. A maximum of 30 could be scored at each timepoint. 3 Period of virus
shedding from throat indicated are the first to last day of detection. 4 Day after infection with first observation of
virus-specific IgG antibodies [18].

2.2. Positron Emission Tomography-Computed Tomography of the Brain

Positron emission tomography (PET)-CT data were acquired using a multiscan large
field-of-view extreme resolution research imager (LFER) 150 PET-CT (Mediso Medical
Imaging Systems Ltd., Budapest, Hungary), as described before [20]. In brief, animals were
fasted overnight to decrease glucose levels below 10 mmoL /L. Sedation was induced IM
with ketamine (10 mg/kg) (ketamine hydrochloride; Alfasan Nederland BV, Woerden, The
Netherlands), combined with medetomidine hydrochloride (0.05 mg/kg) (Sedastart; AST
Farma B.V., Oudewater, The Netherlands), and maintained with isoflurane. Thirty minutes
after the IV injection of approximately 100 MBq of 8F-FDG (GE Healthcare, Leiderdorp,
The Netherlands), a single field-of-view PET of the head is acquired for 15 min. Data
was analyzed in VivoQuant 4.5 (Invicro, Boston, MA, USA). Based on repeatability and
parameters for the correct interpretation of the results, a standardized uptake value (SUV)
ratio between the pituitary gland and brain was used for robustness. The ratios were
calculated for both the average SUV (SUVpean) in a region of interest and maximum
average SUV within a 1-mm?3 spherical volume SUV (SUVpeak). Threshold levels were
defined as SUV yean ratio > 1.5 and SUVpeak ratio > 1.0.

2.3. Brain Tissue Sampling

The brains were separated into two hemispheres. Tissues from regions of the right
hemisphere were collected for RT-qPCR analysis and storage at —80 °C. Fifteen different
regions were dissected: the (1) pituitary gland, (2) the olfactory bulb, (3) substantia nigra,
(4) medulla oblongata, (5) pons, (6) anterior part of the cerebellum, (7) motor cortex
medial, (8) sensory cortex, (9) frontal basal cortex, (10) hippocampus, (11) caudate nucleus,
(12) hypothalamus, (13) globus pallidus, (14) putamen, and (15) thalamus. In macaques,
the pituitary gland weighs approximately 70 mg; for practical reasons, we preserved this
tissue only for histological examination. For histological analysis, the left hemisphere,
the pituitary gland, and one olfactory bulb were fixed in 10% neutral buffered formalin
solution for 48 h and cryoprotected in 30% w/v sucrose in PBS. The cerebrum was dissected
in 12 different coronal parts, cut at the anterior-posterior axis at +10, +8, +5, +1, —3, —6,
-8, —11, —14, —18, and —22 mm from the bregma [21]; the cerebellum and pons were cut
in four parts and embedded in paraffin before multiple consecutive 4 um sections were
prepared for immunohistochemical staining.
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2.4. Viral RNA Detection in Brain Tissue

Brain tissue samples from the right hemisphere were homogenized [18]. After cen-
trifuging, 100 uL supernatant was used for RNA isolation using a QIAamp Viral RNA Mini
kit (Qiagen Benelux BV, Venlo, The Netherlands), following the manufacturer’s instruc-
tions. Viral RNA was reverse-transcribed to cDNA using a Transcriptor First Strand cDNA
Synthesis kit (Roche Diagnostics BV, Almere, The Netherlands). Viral RNA was quantified
by RT-qPCR specific for RARp gene of SARS-CoV-2 [22]. Viral sub-genomic messenger
RNA was detected, essentially, as described by Wolfel et al. [23]. For both assays, RNA
standard curves were generated by in vitro transcription of the target regions. The assays
had a limit of quantification of 20 RNA copies per reaction.

2.5. Immunohistochemistry

Deparaffinized tissue sections were stained as follows:

2.5.1. CD3 and CD20

For antigen retrieval, slides were steamed for 1 h, in combination with IHC-Tek epitope
retrieval solution (IHC world). Endogenous peroxidase activity was inhibited using PO
blocking solution (52023, DAKO) for 15 min. After washing, slides were incubated for
10 min in avidin (X0590, DAKO) and subsequently washed and incubated for 10 min with
biotin (DAKO) to block endogenous biotin. Next, the slides were incubated for 20 min
with PBS containing 0.1% BSA and 1% normal human serum and incubated overnight at
4 °C with the primary antibodies CD3 (polyclonal rabbit—anti-human CD3 IgG, cat. no.
A045201-2, Agilent Technologies; 1:60 diluted) or CD20 (monoclonal mouse—anti-human
CD20 IgG2a, clone L26, Agilent Technologies; 1:800 diluted). After washing, the slides
were incubated with the secondary antibody (Rabbit-anti-mouse IgG biotinylated (E0354),
Agilent Technologies; 1:200 diluted in PBS + 1% BSA + 1% NHS) and subsequently with
Vectastain ABC peroxidase (ABC-PO, from Vector Laboratories; PK-4000; diluted 1:100 in
PBS) for 30 min. After washing, 3,3’-diaminobenzidine (DAB) with 0.02% H,0O, was added
for 20 min to visualize the antigen—antibody binding.

2.5.2. Mamu-DR Staining

After epitope retrieval (as described for CD3 and CD20), the EnVision™ staining kit
(G 12 double-stain system, rabbit/mouse, DAB+/permanent RED code K5361; Agilent
technologies, Glostrup, Denmark) was used, in combination with Mamu-DR (monoclonal
mouse-anti-human HLA-DR/DQ-IgG1, clone CR3/43, Agilent Technologies; 1:150 diluted).

2.5.3. a-Synuclein

Epitope antigen retrieval was performed by 15 min incubation in 10% formic acid.
After two washing steps, in PBS with 0.05% Tween, endogenous peroxidase and biotin
activity were blocked, as described for CD3 and CD20. Non-specific antibody binding was
prevented by 30 min incubation in PBS with 0.1% BSA, 1% NHS, and 0.02% Triton-X100.
Next, the slides were incubated overnight at 4 °C with the primary antibody (clone 4D6,
Biolegend) 1:200 diluted in 0.1% BSA in PBS. Secondary antibody and visualization were
the same as used for CD3 and CD20.

2.5.4. SARS-CoV-2

For viral antigen staining, a Roche Optiview DAB IHC kit, in combination with an anti-
SARS-CoV-2-nucleoprotein (clone E16C; ThermoFisher), was used in a Ventana Benchmark
Ultra immunostainer (Roche, Basel Switzerland), as previously described [7]. In brief, anti-
gen retrieval took place with cell conditioning 1 (CC1, Ventana Medical Systems) (pH 8.5)
for 24 min at 100 °C, 1/5.000 diluted. Thereafter, incubation took place with the primary
antibody for 48 min at 36 °C, followed by standard Optiview detection/visualization with
DAB and Copper.
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After immunohistochemical staining, the sections were dehydrated and mounted with
TissueTek® coverslipping film (Sakura Finetek Europe B.V., The Netherlands). Hematoxylin-
eosin (HE) staining was used for general morphology. Cells were counted in a blind manner.
As a positive control, a lung section of a deceased COVID-patient was included (Figure S1).

3. Results and Discussion

We performed longitudinal '®F-FDG PET-CT analysis of the brains of the macaques
that were featured in a SARS-CoV-2 infection study (Table 1) [18]. The uptake of the
radioactively-labeled tracer '8F-FDG is widely used as a proxy for metabolic activity.
I8F_FDG uptake is caused by natural processes that require glucose, even at rest, such as in
the brain, myocardium, and intestine, as well as during oncogenesis and, importantly, in-
flammatory processes and infectious diseases [24]. This natural uptake causes an increased
signal in the brain, which is further increased by using anesthetics during scanning. The
latter may have an impact on glucose metabolism [25].

Despite the background activity, increased tracer uptake was observed in the pituitary
gland of cynomolgus macaques C1 and C2 (Figure 1A), but not in the other animals
(Figure 1B). Under normal physiological conditions, the metabolic activity of the pituitary
gland is comparable to the surrounding tissue (Figure 1B) [26,27]. Since the quantitative
values of '8F-FDG uptake can be affected by multiple biological and physical factors [28],
the normal pituitary gland-brain ratio of the standardized uptake values (SUVs) was
determined in six non-infected control macaques (Figure 1). In most SARS-CoV-2-infected
macaques the SUVpean and SUVpeal< were not significantly elevated, compared to the
uninfected control macaques. In macaque C1, however, the pituitary gland-brain ratio was
elevated on 30- and 36-days post-infection, with SUVmean ratios of 1.9 and 1.5 and SUV peax
ratios of 1.3 and 1.4, respectively. This was also observed in macaque C2 on days 8, 16,
29, and 35 pi, with SUV yean ratios between 1.5-1.7 and SUVpeak ratios between 1.3-1.8
(Figure 1C).

To investigate whether the increased accumulation of tracer coincided with either the
presence of SARS-CoV-2 or neuroinflammation, we performed immunohistochemistry in
the pituitary gland of the animals. Analysis showed an infiltration of T-cells and activated
microglia cells in the pituitary gland of animals C1 and C2 (Table 2, Figure 2). These results
hint towards immune activation. However, no infiltrated B-cells or viral antigens were
detected in the pituitary gland. The finding of immune activation, in the absence of a viral
antigen, is explainable. The animals were sacrificed on day 36 and 35 pi, respectively. The
virus could have been initially present in the brain at an earlier time point but was cleared
in a later instance. Moreover, these data are in line with several reports describing immune
activation in the brains of human patients who succumbed to COVID-19, without detecting
viral RNA or antigen [7,8].
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Figure 1. 8F-FDG uptake in the pituitary gland after SARS-CoV-2 infection. Representative transver-
sal slices of cynomolgus macaque C2, with increased '8F-FDG uptake in the pituitary gland, (A) and
C3, with normal pituitary '8F-FDG uptake, (B) on day 8 are shown. The pituitary gland is indicated
by the cross-hairs and boxed. Similar window-level settings are applied for both sections. (C) The
standardized uptake values (SUV) of the brain and pituitary gland of each animal, per timepoint, are
shown. On the Y-axis, the day post-infection of PET-CT and on the X-axis the SUV of the brain (purple
bars) and pituitary gland (orange bars) are visualized for rhesus (left column) and cynomolgus (right
column) macaques. For each animal, the SUVpean and SUVpeak are shown. The numbers in the
graph represent the ratio of the SUV for the pituitary gland value divided by the SUV of the brain.
A deviation from normal is defined as SUV yean ratio > 1.5 and SUVpeak ratio > 1. These ratios are
indicated in red. Six non-infected animals were used as control for the definition of normal pituitary
gland and brain SUVs. The animals boxed with an orange background showed increased uptake in
the pituitary gland, while the animals boxed with a purple background do not show this increase.
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Table 2. Histological findings.

Rhesus Cynomolgus Controls
Rl1 | R2 | R3 | R4 | C1| C2 | C3] C4 | R5| R6 | C5 | Co6

Marker Brain Area

pituitary gland

olfactory bulb

front brain

intra- hymal
intra-parenchyma dorsal

ventral ” ®

cerebellum

pituitary gland

olfactory bulb

front brain

perivasculair
dorsal

ventral

T-cells (CD3+) cerebellum
pituitary gland

olfactory bulb

front brain

nodules dorsal

ventral

cerebellum

pituitary gland

olfactory bulb

front brain

meninges
dorsal -

ventral

cerebellum
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Table 2. Cont.

Marker

Brain Area

Rhesus

Cynomolgus

Controls

R1

R2 | R3

Activated
microglia
(Mamu-DR+)

presence

pituitary gland

olfactory bulb

front brain

dorsal

ventral

cerebellum

morphology:
ramified /amoeboid

pituitary gland

R4

C1 C2

C3

C4

R5

R6 | C5 | Ceé

olfactory bulb

front brain

dorsal

ventral

cerebellum

nodules

pituitary gland

olfactory bulb

front brain

dorsal

ventral

cerebellum

meninges

pituitary gland

olfactory bulb

front brain

dorsal

ventral

cerebellum

a-synuclein+

inclusions

ventral
midbrain

> 1B

Observation of indicated marker:

light (inlc. ramified microglia)

moderate (incl. amoeboid microglia)

moderate to severe

infarction
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Figure 2. Immunohistochemistry for T-cells and activated microglia (some positive cells are indicated
with arrows) of SARS-CoV-2-infected brain sections of cynomolgus macaques C1 and C2. The
presence of T-cells (CD3+) (top level) and activated microglia cells (Mamu-DR+) (bottom level) in the
pituitary gland of monkeys C1 (left) and C2 (right), observed five weeks after infection.

The increased uptake of '8F-FDG in the pituitary gland may less likely be a direct effect
of infected tissue, but more likely due to changes on the hypothalamic-pituitary-adrenal
axis, as an increased uptake is, in all cases, the result of an abnormality in humans [29,30].
The impact of a SARS-CoV-2 infection on the hypothalamic-pituitary-adrenal axis has been
investigated in humans, and differences in cortisol levels between infected and healthy
people were found. This suggests that both hypercortisolism, similar to what we found
in the macaques, and hypocortisolism can be associated with a SARS-CoV-2 infection.
However, until now, the effects of an up- or downregulation on disease severity is not
proven [31,32].

Table 2 outlines the presence of (1) T-cells (CD3+ cells) in the brain tissue (intra-
parenchymal),around blood vessels (perivascular), in group formation (nodules), or in the
meninges; (2) activated microglia (Mamu-DR+ cells) in different parts of the brain, the
morphology as a measure for the severity of activation (ramified or amoeboid), in group for-
mation (nodules), or in the meninges; (3) a-synuclein/Lewy bodies (x-synuclein + cells with
inclusions) in the ventral midbrain region, next to the caudate nucleus. White squares repre-
sent 0 positive cells, light grey: 1-5 positive cells (light), dark grey: 5-10 positive cells (mod-
erate), black > 10 positive cells (moderate to severe), per slice, by a 200 x magnification.

Next, we systematically examined the brains of all SARS-CoV-2-infected animals in
this study for the presence of viral genetic material in 15 different brain regions (Figure 3),
as well as signs of virus-induced neuroinflammation. Of the eight macaques studied, viral
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Viral RNA

RNA was only detected in the brain of cynomolgus macaque C3. More precisely, the cerebel-
lum (1.48 x 10° genome equivalents (GE)/gram), medial motor cortex (2.09 x 10° GE/ gram),
sensory cortex (2.07 x 10° GE/ gram), and frontal basal cortex (8.29 x 10* GE/ gram), as
well as hippocampus (1.24 x 10> GE/gram), hypothalamus (1.05 x 10° GE/gram), and
globus pallidus (5.45 x 10* GE/gram) tested positive in the RT-qPCR. No viral RNA was
detected in the samples collected from the olfactory bulb, substantia nigra, medulla oblon-
gata, pons, caudate nucleus, and putamen. Notably, a small cerebral infarction was also
observed in the U-fibers of the midbrain in animal C3 (Table 2). We found no evidence
for active virus replication in the brains of any of the SARS-CoV-2-infected macaques at
the time point of euthanasia, as the subgenomic messenger-RNA analysis was negative.
In line with this, SARS-CoV-2 antigen was not detected by immunohistochemistry in the
postmortem samples.

pituitary gland
olfactory bulb
substantia nigra
medulla oblongata
pons

cerebellum

motor cortex
sensory cortex

9. frontal basal cortex
10. hippocampus

11. caudate nucleus
12. hypothalamus

13. globus pallidus
14. putamen

15. thalamus

001 N IO (N D0 BN

Figure 3. Overview of CNS effects of SARS-CoV-2 infection detected in a macaque brain in this
study. The presence of viral RNA was investigated in multiple regions of the brain, as indicated
by the numbers. Viral RNA-positive regions in cynomolgus macaque C3 are indicated by a yellow
background. Brain areas with infiltrated T-cells (CD3+) and activated microglia (Mamu-DR+) are
shown in light blue (low expression) and dark blue (moderate expression). Brain areas with Lewy
bodies (x-synuclein+) are depicted in orange. Blue and orange areas comprise of the combined
observations from all animals. The horizontal dotted line indicates the border between the dorsal
and ventral parts of the brain.

Nevertheless, a neuroinflammatory response to a SARS-CoV-2 infection was observed
in all infected animals, both rhesus and cynomolgus macaques, which was absent in the
control animals (Table 2, Figure 4).

As observed in cynomolgus macaques C1 and C2, T-cell infiltration in the pituitary
gland was documented in most animals (Figure 4A), except for rhesus macaque R1. How-
ever, R1 did show perivascular T-cells throughout the brain (Figure 4B), which was also
seen in most other infected animals (Figure 4C). CD3 staining manifested infiltrated T-cells
in the brain parenchyma in the majority of the animals (Figure 4D), but rarely showed
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T-cells aggregated in small nodules. Moreover, meningeal T-cells were observed in only
two rhesus macaques (R2 and R3).
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Figure 4. SARS-CoV-2 causes brain inflammation and Lewy body formation in brains of macaques.
The immunohistochemistry of macaque brain tissues (20 x). Arrows indicate the presence of some
clear positive cells for the immunohistochemical staining. First and second row: CD3+ T-cells. In
infected animals, T-cells were found in the pituitary gland (A), perivascular (B,C), and in the brain
parenchyma (D). Third row: Mamu-DR+-activated microglia cells. Activated microglia cells are
shown in the pituitary gland of R3 (E). Amoeboid microglia cells are shown in the olfactory bulb of
C3 (F). Bottom panel: x-Synuclein positive staining was found in the ventral midbrain in all SARS-
CoV-2-infected rhesus macaques. x-Synuclein accumulations were found in the ventral midbrain
region, next to the caudate nucleus (G). A positive control of the x-synuclein staining of a brain slice
from a 22-year-old cynomolgus monkey, showing signs of parkinsonism from the brain bank of the
BPRC, is shown (H).

Activated microglia, made visible by Mamu-DR staining, were present in all infected
animals in various brain regions, including the pituitary gland (Figure 4E) and olfactory
bulb (Figure 4F). When analyzing the morphology of these Mamu-DR+ microglia, most
displayed a ramified morphology (Figure 4E); however, in the olfactory bulb of animal C3,
an amoeboid morphology was also observed (Figure 4F). Nodules of microglia cells were
rarely seen, but meningeal expression of Mamu-DR was present in all infected animals.
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Additionally, no activation of astrocytes was observed by GFAP staining in the brain of all
monkeys (Figure 52). Additionally, no general abnormalities were found with the HE-stain
in the brain of virus-exposed monkeys, including the absence of ischemic/necrotic lesions
or areas with loss of myeline.

None of the control rhesus macaques displayed obvious signs of activation of microglia
or T-cells. The control cynomolgus macaques showed only a minimal presence of T-cells
(pituitary gland of C5) and few activated microglia cells (pituitary gland of C6).

Several case studies reported parkinsonism two to five weeks after SARS-CoV-2 infec-
tion [3-6]. The risk of neuropathology, induced by SARS-CoV-2, may be a more general
phenomenon linked to coronaviruses, as such the complications that have been described af-
ter the outbreaks of closely related SARS and MERS coronaviruses [33,34]. Moreover, it has
been hypothesized that certain viruses can induce neurological manifestations, including
parkinsonism [35]. The formation of Lewy bodies, a hallmark of parkinsonism, represents
intracellular accumulations of x-synuclein and is often found around the substantia nigra,
a dopaminergic nucleus in the midbrain region. For that reason, we screened the ventral
midbrain regions of all animals for «-synuclein. Intracellular x-synuclein accumulations
were detected in Lewy body-like structures, but no Lewy neurites, in all infected rhesus
macaques and one cynomolgus macaque, C4 (Table 2, Figures 3 and 4G,H). The x-synuclein
accumulations were absent in the brains of all four control animals. For animal C4, we
cannot exclude an age-related factor to parkinsonism, as this animal was older (16 years)
than the other animals (5-7 years). Staining for amyloid plaques (Campbell-Switzer and
amyloid-betazg_43 immunohistochemistry) [36] revealed no amyloid accumulation in the
ventral midbrain sections of any of the animals, indicating that the x-synuclein accumula-
tions were not caused by general protein aggregation processes.

The data from this animal study are indicative for a SARS-CoV-2-induced activated
immune landscape in the brain occurring in the post-acute phase of infection, 2-5 weeks
post exposure. So far, brain inflammation has only been observed in patients deceased after
severe COVID-19 [7,8]. Limited data are available of brains from people who suffered from
mild-to-moderate COVID-19. Functional magnetic resonance imaging (fMRI) of brains
from these people suggested longitudinal effects in different brain areas [37]. In addition,
a recent report on divergent immune responses between CSF and peripheral blood in
hospitalized patients, with neurological complications, implies SARS-CoV-2 can also affect
the CNS during non-lethal infection [38].

Here, we describe the detection of intracellular x-synuclein aggregates in the brains
of SARS-CoV-2-infected macaques and, moreover, provide evidence for a broad spectrum
of inflammatory processes in the brain. The animals showed no overt clinical signs, yet
medical imaging techniques showed mild-to-moderate pulmonary disease [18]. Detection
of viral RNA in the brain of one animal demonstrates the virus’ neuroinvasive capability.
This matches a study describing SARS-CoV-2 neuroinvasion in mouse brains and human
brain organoids [38]. More importantly, our data are in line with the finding by Yang et al.,
who described the presence of infiltrating T-cells in the brain parenchyma, as well as the
activation of microglia cells in patients, after lethal COVID-19 [7,8].

There is a growing concern about the long-term consequences of asymptomatic, mild,
or moderate SARS-CoV-2 infection in humans. Our data highlight the potential of the virus
to cause pathology in the brain of macaques. In all eight infected animals, we observed a
range of neurological abnormalities, such as a hypermetabolic pituitary gland, x-synuclein
inclusions, activated microglia in the brain parenchyma, and infiltrating T-cells (Figure 4).

To what extent our observations in the translational macaque model for COVID-19
are predictive for SARS-CoV-2-induced neuropathology in humans is currently unclear.
However, the findings can be regarded as a warning for the risk of developing long-term
neurological complications, even after an asymptomatic infection or mild disease process.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/v14040776/s1. Table S1: Control animals used in the study.
Figure S1: Lung section of a deceased COVID-patient, who was used as positive control for viral
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antigen staining. Figure S2: Examples of a GFAP staining for astrocytes from the dorsal midbrain
area of an (A) infected rhesus macaque and (B) uninfected control monkey. Activation of astrocytes
was observed neither in the SARS-CoV-2-infected monkeys nor the controls.

Author Contributions: Conceptualization, LH.C.HM.P,, E]J.V,, M.A.S. and B.E.V.; methodology,
ILHCHMUP, BS., M.B. and M.A.S,; validation, ER., M.B. and L.-E.d.G.-O.; formal analysis,
IH.CHMP, M.AS. and B.E.V,; investigation, KPB., JAM.W., Z.C.F, N.vD., AQM. and D.L;
data curation, LH.C.H.M.P,, M.A.S. and B.E.V.; writing—original draft preparation, LH.C.H.M.P. and
K.P.B.; writing—review and editing, R.E.B., J M., WM.B., ., AM.L., E]J.V, M.AS. and B.E.V,; super-
vision, LH.C.H.M.P, EJ.V. and B.E.V; project administration, E.J.V. and B.E.V,; funding acquisition,
E.J.V. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by funding from the Biomedical Primate Research Centre. K.P.B.
was supported by the European Union’s Marie Sktodowska-Curie Innovative Training Network
HONOURs, grant agreement no. 721367. This publication was also supported by the European Virus
Archive GLOBAL (EVA-GLOBAL) project, which has received funding from the European Union’s
Horizon 2020 research and innovation programme, under grant agreement no. 871029.

Institutional Review Board Statement: The research protocol was approved by national authorities
(CCD, Central Committee for Animal Experiments, license number AVD5020020209404). Approval to
start was obtained after further assessment of the detailed study protocol by the institutional animal
welfare body (AWB) (in Dutch: Instantie voor Dierenwelzijn, IvD). The BPRC is accredited by the
American Association for Accreditation of Laboratory Animal Care (AAALAC) International and
compliant with European directive 2010/63/EU, as well as the “Standard for Humane Care and Use
of Laboratory Animals by Foreign Institutions”, provided by the Department of Health and Human
Services of the US National Institutes of Health (NIH, identification number A5539-01).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available in the main text or Supplementary Materials.
Correspondence and request for materials should be addressed to E.J.V. (verschoor@bprc.nl).

Acknowledgments: We want to thank Francisca van Hassel for assistance with the editing of figures,
Yolanda Kap for reviewing the manuscript, Wim Vos for the excellent histology, and the Animal
Science Department of BPRC, the veterinarians and animal caretakers for all the experimental support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fotuhi, M.; Mian, A.; Meysami, S.; Raji, C.A. Neurobiology of COVID-19. J. Alzheimers Dis. 2020, 76, 3-19. [CrossRef] [PubMed]

2. Romoli, M.; Jelcic, I.; Bernard-Valnet, R.; Garcia Azorin, D.; Mancinelli, L.; Akhvlediani, T.; Monaco, S.; Taba, P.; Sellner,
J.; Infectious Disease Panel of the European Academy of Neurology. A systematic review of neurological manifestations of
SARS-CoV-2 infection: The devil is hidden in the details. Eur. J. Neurol. 2020, 27, 1712-1726. [CrossRef] [PubMed]

3. Merello, M.; Bhatia, K.P; Obeso, ].A. SARS-CoV-2 and the risk of Parkinson’s disease: Facts and fantasy. Lancet Neurol. 2021, 20,
94-95. [CrossRef]

4. Cohen, M.E; Eichel, R.; Steiner-Birmanns, B.; Janah, A.; Ioshpa, M.; Bar-Shalom, R.; Paul, ].].; Gaber, H.; Skrahina, V.; Bornstein,
N.M.; et al. A case of probable Parkinson’s disease after SARS-CoV-2 infection. Lancet Neurol. 2020, 19, 804-805. [CrossRef]

5. Faber, I; Brandao, PR.P.; Menegatti, F.; de Carvalho Bispo, D.D.; Maluf, EB.; Cardoso, F. Coronavirus Disease 2019 and
Parkinsonism: A Non-post-encephalitic Case. Mov. Disord. 2020, 35, 1721-1722. [CrossRef]

6. Mendez-Guerrero, A.; Laespada-Garcia, M.I.; Gomez-Grande, A.; Ruiz-Ortiz, M.; Blanco-Palmero, V.A.; Azcarate-Diaz, EJ.;
Rabano-Suarez, P.; Alvarez-Torres, E.; de Fuenmayor-Fernandez de la Hoz, C.P.; Vega Perez, D.; et al. Acute hypokinetic-rigid
syndrome following SARS-CoV-2 infection. Neurology 2020, 95, e2109—-e2118. [CrossRef]

7. Schurink, B.; Roos, E.; Radonic, T.; Barbe, E.; Bouman, C.S.C.; de Boer, H.H.; de Bree, G.J.; Bulle, E.B.; Aronica, E.M.; Florquin, S.;
et al. Viral presence and immunopathology in patients with lethal COVID-19: A prospective autopsy cohort study. Lancet Microbe
2020, 1, €290-e299. [CrossRef]

8. Yang, A.C; Kern, F; Losada, PM.; Agam, M.R.; Maat, C.A.; Schmartz, G.P.; Fehlmann, T.; Stein, J.A.; Schaum, N.; Lee, D.P; et al.
Dysregulation of brain and choroid plexus cell types in severe COVID-19. Nature 2021, 595, 565-571. [CrossRef]

9. Zeiss, C.J.; Compton, S.; Veenhuis, R.T. Animal Models of COVID-19. 1. Comparative Virology and Disease Pathogenesis.
ILAR J. 2021. [CrossRef]

10. Wan, D.; Du, T.; Hong, W.; Chen, L.; Que, H.; Lu, S.; Peng, X. Neurological complications and infection mechanism of SARS-CoV-2.

Signal Transduct. Target Ther. 2021, 6, 406. [CrossRef]


http://doi.org/10.3233/JAD-200581
http://www.ncbi.nlm.nih.gov/pubmed/32538857
http://doi.org/10.1111/ene.14382
http://www.ncbi.nlm.nih.gov/pubmed/32503088
http://doi.org/10.1016/S1474-4422(20)30442-7
http://doi.org/10.1016/S1474-4422(20)30305-7
http://doi.org/10.1002/mds.28277
http://doi.org/10.1212/WNL.0000000000010282
http://doi.org/10.1016/S2666-5247(20)30144-0
http://doi.org/10.1038/s41586-021-03710-0
http://doi.org/10.1093/ilar/ilab007
http://doi.org/10.1038/s41392-021-00818-7

Viruses 2022, 14,776 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vidal, E.; Lopez-Figueroa, C.; Rodon, J.; Perez, M.; Brustolin, M.; Cantero, G.; Guallar, V.; Izquierdo-Useros, N.; Carrillo, J.; Blanco,
J.; et al. Chronological brain lesions after SARS-CoV-2 infection in hACE2-transgenic mice. Vet. Pathol. 2021, 03009858211066841.
[CrossRef] [PubMed]

Zhang, L.; Zhou, L.; Bao, L.; Liu, J.; Zhu, H.; Lv, Q.; Liu, R.; Chen, W.; Tong, W.; Wei, Q.; et al. SARS-CoV-2 crosses the blood-brain
barrier accompanied with basement membrane disruption without tight junctions alteration. Signal Transduct. Target Ther. 2021,
6,337. [CrossRef] [PubMed]

Golden, ] W,; Li, R.; Cline, C.R.; Zeng, X.; Mucker, E.M.; Fuentes-Lao, A.].; Spik, K.W.; Williams, J.A.; Twenhafel, N.; Davis, N.; et al.
Hamsters Expressing Human Angiotensin-Converting Enzyme 2 Develop Severe Disease following Exposure to SARS-CoV-2.
mBio 2022, 13, €02906-21. [CrossRef] [PubMed]

Fagre, A.; Lewis, ].; Eckley, M.; Zhan, S.; Rocha, S.M.; Sexton, N.R.; Burke, B.; Geiss, B.; Peersen, O.; Bass, T.; et al. SARS-CoV-2
infection, neuropathogenesis and transmission among deer mice: Implications for spillback to New World rodents. PLoS Pathog.
2021, 17, €1009585. [CrossRef] [PubMed]

Albrecht, L.; Bishop, E.; Jay, B.; Lafoux, B.; Minoves, M.; Passaes, C. COVID-19 Research: Lessons from Non-Human Primate
Models. Vaccines 2021, 9, 886. [CrossRef] [PubMed]

Choudhary, S.; Kanevsky, L; Yildiz, S.; Sellers, R.S.; Swanson, K.A.; Franks, T.; Rathnasinghe, R.; Munoz-Moreno, R.; Jangra, S.;
Gonzalez, O.; et al. Modeling SARS-CoV-2: Comparative Pathology in Rhesus Macaque and Golden Syrian Hamster Models.
Toxicol. Pathol. 2022, 01926233211072767. [CrossRef]

Jiao, L.; Yang, Y.; Yu, W.; Zhao, Y.; Long, H.; Gao, J.; Ding, K.; Ma, C.; Li, J.; Zhao, S.; et al. The olfactory route is a potential way
for SARS-CoV-2 to invade the central nervous system of rhesus monkeys. Signal Transduct. Target Ther. 2021, 6, 169. [CrossRef]
Boszorményi, K.P.; Stammes, M.A.; Fagrouch, Z.C.; Kiemenyi-Kayere, G.; Niphuis, H.; Mortier, D.; van Driel, N.; Nieuwenhuis, I.;
Vervenne, R.A.W.; Haaksma, T.; et al. The Post-Acute Phase of SARS-CoV-2 Infection in Two Macaque Species Is Associated with
Signs of Ongoing Virus Replication and Pathology in Pulmonary and Extrapulmonary Tissues. Viruses 2021, 13, 1673. [CrossRef]
Tulisiak, C.T.; Mercado, G.; Peelaerts, W.; Brundin, L.; Brundin, P. Can infections trigger alpha-synucleinopathies? Prog. Mol. Biol.
Transl. Sci. 2019, 168, 299-322. [CrossRef]

Stammes, M.A.; Bakker, ].; Vervenne, R.A.W.,; Zijlmans, D.G.M.; van Geest, L.; Vierboom, M.P.M.; Langermans, J].A.M.; Verreck,
F.A.W. Recommendations for Standardizing Thorax PET-CT in Non-Human Primates by Recent Experience from Macaque
Studies. Animals 2021, 11, 204. [CrossRef]

Paxinos, G.; Huang, X.F,; Petrides, M.; Toga, A. The Rhesus Monkey Brain in Stereotaxic Coordinates, 2nd ed.; Elsevier Science
Publishing Co. Inc.: San Diego, CA, USA, 2008; p. 416.

Corman, V.M,; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K,; Bleicker, T.; Brunink, S.; Schneider, J.; Schmidt, M.L.;
et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 2020, 25, 2000045. [CrossRef]
Wolfel, R.; Corman, V.M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Muller, M.A.; Niemeyer, D.; Jones, T.C.; Vollmar, P,; Rothe, C.;
et al. Virological assessment of hospitalized patients with COVID-2019. Nature 2020, 581, 465-469. [CrossRef] [PubMed]

Pijl, J.P; Nienhuis, PH.; Kwee, T.C.; Glaudemans, A ; Slart, R.; Gormsen, L.C. Limitations and Pitfalls of FDG-PET/CT in Infection
and Inflammation. Semin. Nucl. Med. 2021, 51, 633-645. [CrossRef] [PubMed]

Lee, Y.A.; Kim, J.I; Lee, J.W.; Cho, Y.J.; Lee, B.H.; Chung, HW.,; Park, K.K,; Han, ].S. Effects of various anesthetic protocols on
18F-flurodeoxyglucose uptake into the brains and hearts of normal miniature pigs (Sus scrofa domestica). |. Am. Assoc. Lab. Anim.
Sci. 2012, 51, 246-252. [PubMed]

Meyer, M.; Allenbach, G.; Nicod Lalonde, M.; Schaefer, N.; Prior, J.O.; Gnesin, S. Increased (18)F-FDG signal recovery from small
physiological structures in digital PET/CT and application to the pituitary gland. Sci. Rep. 2020, 10, 368. [CrossRef]

Goutal, S.; Tournier, N.; Guillermier, M.; Van Camp, N.; Barret, O.; Gaudin, M.; Bottlaender, M.; Hantraye, P.; Lavisse, S.
Comparative test-retest variability of outcome parameters derived from brain [18F]FDG PET studies in non-human primates.
PLoS ONE 2020, 15, €0240228. [CrossRef]

Boellaard, R. Standards for PET image acquisition and quantitative data analysis. J. Nucl. Med. 2009, 50 (Suppl. 1), 115-20S.
[CrossRef]

Ju, H.; Zhou, J; Pan, Y,; Lv, J.; Zhang, Y. Evaluation of pituitary uptake incidentally identified on (18)F-FDG PET/CT scan.
Oncotarget 2017, 8, 55544-55549. [CrossRef]

Hyun, S.H.; Choi, ].Y.; Lee, K.H.; Choe, Y.S.; Kim, B.T. Incidental focal 18F-FDG uptake in the pituitary gland: Clinical significance
and differential diagnostic criteria. J. Nucl. Med. 2011, 52, 547-550. [CrossRef]

Chua, M.W.J.; Chua, M.P.W. Delayed Onset of Central Hypocortisolism in a Patient Recovering From COVID-19. AACE Clin. Case
Rep. 2021, 7, 2-5. [CrossRef]

Tan, T.; Khoo, B.; Mills, E.G.; Phylactou, M.; Patel, B.; Eng, P.C.; Thurston, L.; Muzi, B.; Meeran, K.; Prevost, A.T.; et al. Association
between high serum total cortisol concentrations and mortality from COVID-19. Lancet Diabetes Endocrinol. 2020, 8, 659-660.
[CrossRef]

Alshebri, M.S.; Alshouimi, R.A.; Alhumidi, H.A.; Alshaya, A.I. Neurological Complications of SARS-CoV, MERS-CoV, and
COVID-19. SN Compr. Clin. Med. 2020, 2, 2037-2047. [CrossRef] [PubMed]

Zubair, A.S.; McAlpine, L.S.; Gardin, T.; Farhadian, S.; Kuruvilla, D.E.; Spudich, S. Neuropathogenesis and Neurologic Manifesta-
tions of the Coronaviruses in the Age of Coronavirus Disease 2019: A Review. JAMA Neurol. 2020, 77, 1018-1027. [CrossRef]
[PubMed]


http://doi.org/10.1177/03009858211066841
http://www.ncbi.nlm.nih.gov/pubmed/34955064
http://doi.org/10.1038/s41392-021-00719-9
http://www.ncbi.nlm.nih.gov/pubmed/34489403
http://doi.org/10.1128/mbio.02906-21
http://www.ncbi.nlm.nih.gov/pubmed/35073750
http://doi.org/10.1371/journal.ppat.1009585
http://www.ncbi.nlm.nih.gov/pubmed/34010360
http://doi.org/10.3390/vaccines9080886
http://www.ncbi.nlm.nih.gov/pubmed/34452011
http://doi.org/10.1177/01926233211072767
http://doi.org/10.1038/s41392-021-00591-7
http://doi.org/10.3390/v13081673
http://doi.org/10.1016/bs.pmbts.2019.06.002
http://doi.org/10.3390/ani11010204
http://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://doi.org/10.1038/s41586-020-2196-x
http://www.ncbi.nlm.nih.gov/pubmed/32235945
http://doi.org/10.1053/j.semnuclmed.2021.06.008
http://www.ncbi.nlm.nih.gov/pubmed/34246448
http://www.ncbi.nlm.nih.gov/pubmed/22776126
http://doi.org/10.1038/s41598-019-57313-x
http://doi.org/10.1371/journal.pone.0240228
http://doi.org/10.2967/jnumed.108.057182
http://doi.org/10.18632/oncotarget.15417
http://doi.org/10.2967/jnumed.110.083733
http://doi.org/10.1016/j.aace.2020.11.001
http://doi.org/10.1016/S2213-8587(20)30216-3
http://doi.org/10.1007/s42399-020-00589-2
http://www.ncbi.nlm.nih.gov/pubmed/33083695
http://doi.org/10.1001/jamaneurol.2020.2065
http://www.ncbi.nlm.nih.gov/pubmed/32469387

Viruses 2022, 14,776 15 of 15

35.

36.

37.

38.

Sulzer, D.; Antonini, A.; Leta, V.; Nordvig, A.; Smeyne, R.J.; Goldman, J.E.; Al-Dalahmah, O.; Zecca, L.; Sette, A.; Bubacco, L.; et al.
COVID-19 and possible links with Parkinson’s disease and parkinsonism: From bench to bedside. NP] Parkinsons Dis. 2020, 6, 18.
[CrossRef] [PubMed]

Philippens, I.H.; Ormel, PR.; Baarends, G.; Johansson, M.; Remarque, E.J.; Doverskog, M. Acceleration of Amyloidosis by
Inflammation in the Amyloid-Beta Marmoset Monkey Model of Alzheimer’s Disease. ]. Alzheimers Dis. 2017, 55, 101-113.
[CrossRef] [PubMed]

Douaud, G.; Lee, S.; Alfaro-Almagro, F,; Arthofer, C.; Wang, C.; Lange, F.; Andersson, ].L.R.; Griffanti, L.; Duff, E.; Jbabdji, S.; et al.
Brain imaging before and after COVID-19 in UK Biobank. medRxiv 2021. [CrossRef]

Song, E.; Zhang, C.; Israelow, B.; Lu-Culligan, A.; Prado, A.V.; Skriabine, S.; Lu, P; Weizman, O.E; Liu, E; Dai, Y.; et al.
Neuroinvasion of SARS-CoV-2 in human and mouse brain. J. Exp. Med. 2021, 218, €20202135. [CrossRef]


http://doi.org/10.1038/s41531-020-00123-0
http://www.ncbi.nlm.nih.gov/pubmed/32885037
http://doi.org/10.3233/JAD-160673
http://www.ncbi.nlm.nih.gov/pubmed/27662314
http://doi.org/10.1101/2021.06.11.21258690
http://doi.org/10.1084/jem.20202135

	Introduction 
	Materials and Methods 
	Animals and SARS-CoV-2 Infection 
	Positron Emission Tomography-Computed Tomography of the Brain 
	Brain Tissue Sampling 
	Viral RNA Detection in Brain Tissue 
	Immunohistochemistry 
	CD3 and CD20 
	Mamu-DR Staining 
	-Synuclein 
	SARS-CoV-2 


	Results and Discussion 
	References

