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Abstract

Background: Cysticercosis (Ct) is a preventable and eradicable zoonotic parasitic disease secondary to a cestode infection by the larva form of pig tapeworm Taenia solium (Ts), mainly
seen in people living in developing countries. However, the number of carriers in developed countries increases gradually due to globalization and uncontrolled migration. When the
cysticercus is in the brain parenchymal, intraventricular system, Subarachnoid Space (SAS), cerebellum, brainstem, optic nerve, or spinal cord, then it has named Neurocysticercosis
(NCC), and the often-clinical manifestations are headache and epileptic seizures/epilepsy among other less frequent symptoms and signs. In this study, we look for a manuscript
related to the role played by pericytes in the pathogenesis of NCC in the cerebral hemispheres and spinal cord. After reviewing this issue, we formulate some hypotheses regarding
its role in the CNS.

Methods: We searched the medical literature comprehensively, looking for published Medical Subject Heading (MeSH) terms like "Neurocysticercosis", "pathogenesis of
Neurocysticercosis", "comorbidity in NCC"; OR "Pericytes (PC)"; OR "PC/Oligodendrocyte Precursor Cells (OPC/NG2)"; OR "Epileptic Seizures (ES)/Epilepsy (Ep)/NCC/PC" OR "PC/
ES/Ep"; OR "PC/BBB/NCC.".

Results: All selected manuscripts were peer-reviewed, and we did not find publications related to PC/NCC.

Comments and concluding remarks: We have hypothesized the role played by PC on the pathogenesis of cysticercus perilesional edema and the role of PC on the pathogenesis
of ES/Ep/NCC.

Abbreviations: ACKR1: Atypical Chemokine Receptor1; ALS: Amyotrophic Lateral Sclerosis; Ang-1/Tie2:Angiopoietin 1/TEK Receptor Tyrosine Kinase; ANGPT1: Angiopoietin
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Introduction Except for the hair, nails, bone tissue, epidermis, cartilage, and the
adrenal gland, Ct can infest any internal organ in humans and pigs. When
the cysticercus is in the cerebral parenchymal, intraventricular system,
Subarachnoid Space (SAS), cerebellum, brainstem, optic nerve, or spinal
cord, then it has named Neurocysticercosis (NCC), and the often-clinical
manifestations are headache and epileptic seizures/epilepsy among other

Cysticercosis (Ct) is a preventable zoonosis and eradicable parasitic
disease secondary to a cestode infection by the larva form of tapeworm
Taenia solium (Ts), most seen in people living in developing countries.
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less frequent symptoms and signs [1-5]. Epileptic Seizure Disorder (ESD)
and Epilepsy (Ep) are the most common symptom of Intraparenchymal NCC
(INCC). We performed more than ten epidemiological investigations in rural
areas around Mthatha (South Africa), confirming that NCC was the leading
cause of secondary epilepsy, as reported in many endemic countries. EDS
and Ep respond very well to first-line Antiseizure Medication (AM) and
Antiepileptic Drugs (AED) [6-15]. Likewise, lack of available medication due
to COVID-19 restrictions or other reasons, including financial constrictions
and poor compliance, can modify the previous postulate. However, patients
presenting refractory epilepsy secondary to NCC without other causes
were never seen in our region in the past twenty-five years. The most used
ASM are benzodiazepine and as AED valproic acid and carbamazepine.
Levetiracetam is used only in tertiary hospitals and is not available in our
rural areas [16-19].

Humans are the final host for the adult tapeworm (taeniasis), whereas
humans and pigs can be intermediate hosts carrying the cysticercus (larval
form), a cyst, fluid-filled membrane vesicles with an eccentric scolex inside.
When these cysts are ingested in undercooked contaminated pork meat,
it goes to the gut, where scolex evaginates and attaches to the intestinal
mucosa wall by two crowns of hooks avoiding not to be expelled out of
the intestine by peristaltic movement. In the gut, one or a maximum of two
parasites matures into a 2-4 meters length tapeworm, constituted by a neck
and 1200 proglottids. Gravid proglottids contain around 600 fertile eggs,
each containing an infective embryo (oncosphere), which passes to the
environment in faeces on alternating days if the person is not constipated
or has diarrhea. In impoverished countries or economically poor regions
inside of advantageous countries (like our area) where access to clean and
safe water, poor sanitation, poor food hygiene, poor educational health,
high level of poverty and free-roaming pigs with access to human faeces
contaminated by Ts eggs the incidence/prevalence is notably high. When
the proglottids or eggs are ingested by contaminated water, food or any
faecal-oral route, the embryos are released from the egg into the gut and
pass through the gut mucosa to the blood flow, which carries them to the
target tissues, where they are transformed into cysticerci. Like human
beings, pigs can ingest eggs and develop porcine cysticercosis. Person-to-
person transmission is relatively standard and explains how non-eaten pork
peoples are infected and why the disease is present in developed countries
without free-range pigs. We also have identified four stages of cysticercus
in the brain parenchyma [20-26].

Recently, we reviewed novel aspects of NCC related to its comorbidity
with COVID-19 and HIV, autoimmunity, meningeal lymphatic, glymphatic
drainage, the role of activated OLG/OPC/NG2 in the pathogenesis of
NCC clinical manifestations/complications/outcome. As we documented
before, activation of microglia and astrocytes is at the centre of NCC
neuroinflammatory pathways either directly or indirectly due to their
secretion of proinflammatory cytokines, upregulation of BBB disrupting
proteinases and formation of an inhibitory glial scar [27,28].

In 2006, we commented on the clinical features and other aspects
of spinal cord NCC (SCNCC) [29], but the role played by PC on the
pathogenesis of local neuroinflammation, healing process and outcome of
the SCNCC has not been studied up to date. Therefore, the participation
of PC in the neuroinflammatory process associated with NCC is one aim
of this review.

It unanimously accepted that PC was discovered in the 19" century,
and it had drawn less attention until decades ago due to a lack of specific
markers for deep investigations. PC was also known as "Rouget cells" based
on the name of Charles Marie Benjamin Rouget (French physiologist), who
first described it. PC was also described by Zimmermann in 1923 [30].
Since then, it has been established that most of the brain's vasculature
has an intricate capillary network lined by capillary PC. It is also well known
that PCs are multi-functional mural cells located in the abluminal side of the
perivascular space of CV, where they play several crucial roles such as:

1. Coordinate, integrate, and process signals from their neighbouring
cells to produce all necessary functional responses from the CNS
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to provide all vital functions in healthy and sick people.

2. Modulate Cerebral Blood Flow (CBF), Angiogenesis (Ag), and
Vascular Stability (VS) in the Neurovascular System (NVS).

3. Maintenance and development of BBB.

4. Participation with the Meningeal Lymphatic Vessel (MLV),
Glymphatic System (GS), Corpora Amylacea (CA), and Aquaporin
4 (AQP4) from astrocytes in the clearance of toxic metabolite
waste from the brain to cervical lymph nodes.

5. Participation in the traffic of inflammatory cells and acquisition of
stem cell-like properties.

6. Coordinating crosstalk with other cells like glial, endothelial, and
neuronal cells in the neurovascular unit [30].

We should highlight a relevant one: regulation of the blood-brain
barrier permeability, neuroinflammation, clearance of toxic metabolites,
angiogenesis, capillary hemodynamic responses, and stem cell activity.

There is direct communication between the PC and the endothelial
cell by the CV paracrine signalling and physical contact. The tight junction
also facilitates connections, and PC's membrane invaginations, known as
peg-and-socket contacts and adhesion plaques, allow pericytes to transfer
contractile forces to the endothelium leading to vascular constriction and
CV function. On the other hand, during development, Transforming Growth
Factor B 1 (TGF-B1) promotes differentiation of PC progenitor cells and
expresses Platelet-Derived Growth Factor Receptor Beta (PDGFRp). These
before cited cells are attracted in the plexus of CV by Endothelial Cells
(EC) expressing Platelet-Derived Growth Factor Subunit B (PDGF-B). The
same authors proved that PDGF-B is secreted as PDGF-BB homodimers
and binding to PDGFRpB. PDGF-BB causes phosphorylation and receptor
dimerization, activating several downstream signalling pathways (including
phosphoinositide 3-kinase), ERK and RasGAP to control cell proliferation
and migration is possible [30].

The CNS-PC are the only cell positioned between endothelial cells,
astrocytes, and neurons within the Neurovascular Unit (NVU), extending
their processes along capillaries, post-capillary venules and pre-capillary
arterioles. As a result, PC-CV can make direct contact with more than 90% of
the total vascular length in the cerebral cortex, the capillary bed possessing
the highest Flow Resistance (FR) within the cerebrovasculature.

An actual number of investigations have pointed towards dysfunctional
PC as potentially an attractive cellular target and be associated with
some neurological disorders such as acute stroke, epilepsy, Fahr's
disease, Alzheimer's Disease (AD), brain cancer, perinatal intraventricular
haemorrhages, Type 2 Diabetes Mellitus (T2DM)-related microangiopathy
and retinopathy cerebral Small Vessel Disease (SVD), CCM, Cerebral
Autosomal-Dominant  Arteriopathy ~ with  Subcortical Infarcts and
Leukoencephalopathy (CADASIL), Amyotrophic Lateral Sclerosis (ALS),
and Human Immunodeficiency Virus (HIV)-related dementia [31].

Recent studies suggest that pericytes play an essential role in some
neurological diseases. Therefore, they are a potential therapeutic target in
the pathological process as diverse as multiple sclerosis, Epilepsy (Ep),
Epileptic Seizures (ES) stroke, Traumatic Brain Injury (TBI), AD, migraine,
Spinal Cord Injury (SCI), diabetes, Huntington's disease, diabetes, glioma,
radiation necrosis and motor neuron disease-amyotrophic lateral sclerosis
[31]. In cases with SVD, when PC degenerates, it causes demyelination
(OLG/OPC/NG2) and microvascular instability, while in stroke cases, PC
constrictions lead to the non-reflow phenomenon in CV. Furthermore, PC
loss produces a breakdown of BBB which stagnates amyloid beta clearance
plus the leakage of neurotoxic molecules into the brain, favouring the
etiological process of AD. The breakdown of BBB and PC degeneration
have been found in AD [32].

The BBB is an essential component for brain homeostasis and
separates the extracellular fluid of the brain from the circulating blood; it
is a relevant selective barrier with the capacity to impede the non-selective
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transport of molecules from the capillary flow into fluids of the CNS by
blocking the entry of harmful cells, macromolecules, and other pathogens
from the blood flow into the CNS. It also regulates the CNS transport of
nutrients, ions, and energy metabolites and supports the clearance of
neurotoxic metabolites. The BBB is formed by the capillary walls, which are
made of EC and built by PC embedded in the basal membrane, supported
by astrocytes with the contribution of oligodendrocytes/oligodendrocytes
progenitor cell/NG2. Likewise, PC enrobe the capillary wall with their end
feet. As we commented before, an intact BBB is mandatory to protect the
brain against pathogens and to maintain homeostasis in CNS, allowing the
transport of necessary molecules into the brain essential for its function.
The integrity and maintenance of the BBB are supported by PC. These cells
induce cell motility and proliferation via the TGF-B-mediated induction to
Mesenchymal Transition (EMT) factors from central epithelial [30].

Mitochondria are pivotal organelles for oxidative metabolism,
reprogramming of differentiated cells, calcium homeostasis, cell
differentiation, signalling, proliferation, and death [33,34]. In this article, we
will comment on the relationship of these organelles with PC in NCC.

Another novel issue of the scientific community's attention is the long
intercellular channels known as Tunnelling Nanotubes (TNT) and their
capacity to transfer small molecules and mitochondrial between distant cells
[35]. However, how this mechanism works in patients with NCC has not
been documented. Therefore, this unknown mechanism raises a research
question: How it happens? We also have other interrogations, such as:
What is the role of PC in cerebral and spinal cord NCC? Furthermore, how
are PCs involved in the pathogenesis of ES/Ep/NCC, if any? The principal
aid of this review is to answer these questions.

Materials and Methods

We searched the medical literature comprehensively, looking for
published Medical Subject Heading (MeSH) terms like "Neurocysticercosis";
"Pathogenesis of Neurocysticercosis", "comorbidity in NCC",; OR
"Oligodendrocytes"; OR "Oligodendrocyte Precursor Cells"; OR "ES/Ep/
ESD/NCC" OR "OLG/ES/Ep"; OR "calcified NCC/OLG"; OR "OLG Ca?".
We also searched at https://www.clinicaltrials.gov/, a website facility from
the US National Library of Medicine for unpublished clinical trials, using the
same MeSH terms as above, but applying the filters "full publication" AND
"summary", published in English, Spanish, or Portuguese.

Inclusion and exclusion criteria and screening process

Publications eligible to be included in this study had to meet the
following inclusion criteria:

1. Human beings involved and ethical approval.

2. The entire article should be written in English, Spanish, or
Portuguese. Although abstracts written in French were included.

3. The central aspects are NCC, ES, Ep, OLG, OPC, NG2, and
Ca*INCC.

4. Manuscript published in a peer-reviewed medical journal.

The exclusion criteria were: (1) publication did not refer to issues
numbered 3; (2) review articles, letters, medical hypotheses, newspaper
publications or manuscripts that did not meet the criteria of an original
study; (3) Medical conference proceedings; (4) clinical trials with less than
ten cases per treatment arm; (5) duplicate articles or manuscript written by
the same author using the same data; (6) publication without corresponding
authors.

All abstracts were screened twice in a blinded fashion. Those found
to meet any exclusion criteria were not included in the analysis, and any
discrepancy among authors was solved by close scientific discussion.

Literature search strategy

We included case reports, case series, observational cohort studies,

Page 3 of 12

systematic reviews and meta-analysis, cross-sectional studies, and clinical
trials. During the initial search, we looked for inclusive articles published
between January 1, 1990, and December 30, 2022. We searched the
following databases: Science Direct, Google Scholar, Medline, Scopus
online databases, Scielo, Search of Sciences, BioRxiv, medRxiv and
Cochrane library. All studies were retrieved by utilizing MeSH, as before
cited. We only included other aspects within the current work scope.

Study and cohort selection

We select prospective and retrospective cohort studies, case reports,
case series, case-control studies, controlled clinical trials, reviews, and
meta-analysis reporting data on listed topics.

Data collection process

The relevant information was extracted from each publication using
Microsoft Excel in a structured coding scheme. The data collected
included NCC, clinical features, population size, age distribution, the
means used to diagnose NCC, MRI/CT scans studies for NCC, INCC, ES,
Ep, glial cell disorders, Ca? cortical metabolism and other investigations
where applicable. In any case, when there was uncertainty regarding the
interpretation of the data obtained or how it could be used, the authors
discussed the situation until they reached a unanimous consensus.

Data synthesis

Our investigation used aggregate data where possible, following the
PRISMA guidelines.

Quality assessment of included studies

All studies were initially screened for bias using the Jadad scoring
system [33]. Jadad scores range from 0 to 5, with trials scoring three or
greater considered good quality trials. Therefore, trials with a Jadad score
<4 were removed, while investigations with a Jadad score > 4 were selected
for further assessment.

Results and Discussion

Study selection

This study aims to update the scientific information released about these
issues. Two thousand nine hundred four manuscripts were retrieved from
electronic databases until December 30, 2022. After removing irrelevancy
and duplicates, 59 manuscripts were taken for full-text screening. No clinical
trials on NCC were found. From all selected articles, only four publications
delivered some information related to ES/Ep or pathogenesis of seizures
and OLG disorders, and they were included for review. All selected
manuscripts were peer-reviewed publications, and no one met all inclusion
criteria on NCC/PC. A PRISMA flow chart for the literature searched as
shown in below Figure 1.

Comments and concluding remarks

We found several reports regarding PC in general, but we did not
identify any publications related to PC/NCC in our systematic review;
therefore, we do not have the necessary information to comment on its
background (Figure 1).

PC functions vary according to location all over the body, but CNS-
PC are necessary for building and regulating the BBB. However, we have
hypothesized that under the pathological conditions created by NCC, PC
undergoes a functional change in the brain and the cord that we comment
on below. Because the SC receives one hundred times less blood flow than
the brain, the invasion of the SC by cysticercosis is less often. On top of
that, the structural differences of the spinal cord barrier, the differences like
the OLG/OPC-NG2 and other supporting cells, plus suspected differences
in the clearance system (MLV, GS, AQ4, CA) act in contrary of less
neuronal damage and minimum affectation of the neural network in the cord
compared with the cerebral hemisphere and potential a little bit difference in
the pathogenesis/outcome of SCNCC. Below, we will detail PC participation
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at this topographic level.

Based on the findings from human and animal investigations on PC, we will
build up some hypotheses that can be applied to the pathogenesis of different
aspects related to NCC of the brain and spinal cord that studies in humans and
animals must confirm.

We know that altered gene expression related to immune and physiological
functions, changes in BBB disruption and associated leukocyte infiltration
happen in murine NCC [36], and probable that some similar process happens in
humans, but it must be proved.

Other authors evaluated the expression of Fibroblast Growth Factor
(FGF2) and angiogenic factors (Vascular Endothelial Growth Factor-VEGF-A),
the endothelial barrier antigen, immunoglobulin G, and two markers for BBB
disruption using immunohistochemical and immunofluorescence techniques in
an animal. They found changes in the vasculature of the brain, overexpression
of angiogenesis markers and BBB disruption surrounding viable cysts [37]. We
cannot apply these findings directly to patients presenting NCC in the vesicular
stage because, in this phase of NCC, patients are free of symptoms and signs
even for decades, supported by the closed-good relationship between the host's
immune system and Ts [8,11,17] (Figure 2).

This illustration shows the main structural differences between all NCC
stages allowing easily distinguished vesicular, colloid stage and intermediated

stages (green arrow) leading to the first clinical manifestation of NCC patients.
Unfortunately, this patient died because of the contralateral mass effect of the
giant cyst hidden in the picture. Unfortunately, we do not know if the mice/rats/
yellow fish used in that research were asymptomatic or at what stage of the
NCC, which brings some limitations for the most profound analysis. However,
some authors report overexpression of VFGF2, VEGF-A, and VEGF-A in
the nearest astrocytes, decreased immunoreactivity to endothelial barrier
antigen marker, extensive staining for IgG, and endothelial cell tube formation
induced by excretory and secretory antigens from the T. solium cysticerci in
the surrounding nervous tissue. These investigators concluded that cysticerci
excretory-secretory processes alone could stimulate angiogenesis [37], and
we considered findings applicable to human NCC, and it deserves to be the
deepest comment/hypothesized just below despite remarkable differences
between the human and rat brains.

Pericytes and angiogenesis around cysticerci: Angiogenesis (AG)
is a physiological process in the growth and development of new vessel
formation and is also involved in the healing process, including Fibrotic Scar
Formation (FSF). AG is the continuation of the CV growth by processes of
sprouting and splitting, while vasculogenesis is the process of EC formation
from mesodermal cell precursor in the developing embryo. Histologically,
capillary PC have long, thin processes that course along the vessel,
emerging from a conspicuous protruding ovoid cell body embedded within
the basement membrane (Figure 3).

RECORDS SELECTED FROM MEDLINE,

SCOPUS., GOOGLE SCHOLAR. rmoadRxiwv.

ADDITIONAL RECORDS SELECTED

US NATIONAL LIBRARY OF MEDICINE. FROM
OTHER DATABASE
=0

SCIELO. SCIENCE DIRECT
N AS87

=
=

RECORDS SCREEMNED
Nn—-2350

FULL-TEXT ASSESSED
FOR ELIGIBILITY
=129

Figure 1. PRISMA flow diagram of selected manuscripts

BLACK ARROW: Vesicular stage: viable parasite with

intact membrane, well defined eccentric scolex, no-host

immunological reaction, therefore, no local
neurocinflammatian.

RECORDS DUPLICATE
EXCLUDED
Ne=-22637

FULL-TEXT EXCLUDED
n—-2>>1

FULL-TEXT EXCLUDED
WWITH REASONS (INCLUSION CRITERLA)
=12

RED ARROW: Colloidal stage: the dying process of the
parasite commonly before five years of entry. The cyst
fluid becomes turbid. Compared with the CSF density. The
damaged membrane leaky oedema surrounds the cyst. In
this stage, the neurological manifestations are more
evident,

BLUE ARROW: Granular-nodular stage: Decrease
surrcunding perilesional oedema, and the cyst begins to
retract.

YELLOW ARROW: Calcified stage: No perilesional
oedema, all structural characteristic of the cyst
disappears, and the remnant material are calcified [20-

26].

Figure 2. The right cerebral hemisphere's coronal section shows a different intraparenchymal NCC stage.More detailed information is included within the figure.
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Figure 3. Proposed schematic hypotheses of AG/FSF/CSM and crosstalk of PCs with the neighbouring cells in patients presenting NCC. Note: Shows the
A-healthy stage, B-the sprouting stage. The C-constriction stage of pre/post-AG is the beginning/growth/pathology of new CV formation from the previous

existing BV.

The participating elements numbered as 1-Lumen of CV, 2-Healthy
endothelial cells, 2A-NCC vasculitis, 3-Mural PC cell processes cover around
70-80% of the capillary surface and play a vital role in the maintenance of
tight junctions of EC, 4-Specialized EC (Tip cell) migrate to tubule formation
controlled by the Tie-2/angiopoietin axis, 4A-Specialized EC (stalk cells)
proliferate to support the body of new formed CV, 5-PC detachment,
6-Healthy basement membrane, 6A-Altered basement membrane,
7-Recovered/recruited PC to stabilize newly formed CV, 8-Sprouting of
new CV. 9-Tunnelling Nanotube (TNT), 10-Proteases, 11-Angiogenic factor
(VEGF), 12-Mitochondria, 13-Angiogenic factor (TGF-B1), 14-Extracellular
matrix. (PC and fibroblasts express fibronectin and permissive laminin
substrates for axon growth, constituting the extracellular matrix of the
growth-inhibitory fibrotic scar. By dissolving the extracellular matrix,
proteases re-modulate the structure of the tubular network, 15-Citokines,
16-Quemokines, 17-Hypoxix/ischemic region, 18-Fibrin enter to NS
across disrupted BBB, 19-Fibrinogen together with fibrin activate microglia
worsening local neuroinflammation, 20-Periostin is a secreted extracellular
matrix protein identified in cells from the mesenchymal lineage, 21-ANGPT1
and 22-ANGPT2 differently contribute to angiogenesis.23-TEK, 24-Taenia
solium cysticercus, 25-hypoxic area, 26-CCL2 chemokine protein,(C3CX).
Increased levels lead to bag prognosis and participate in inflammatory
monocyte recruitment, 27-CX3CL1 expressing immune cells play a
role of proinflammatory or anti-inflammatory response depending on
the environmental condition,28-MMP9 secreted by PC and stromal and
inflammatory cells in response to inflammatory cytokines (TNF)-a. [10] and
IL-1¥ and other exogenous insults, 29-Reactive Oxygen Species (ROS) a
variety of unstable free radical molecule containing oxygen able to react
with other molecules intracellularly and may cause permanent damage
of RNA, DNA and protein (cell death). A build-up of ROS in cells causes
damage to DNA, RNA, and proteins and may promote apoptosis.

The definition of AG included the growth of Blood Vessels (BV) from
the existing microvasculature in health and pathological conditions, and we
included NCC.

All metabolically active tissues need a healthy CV for proper diffusion
of nutrients and oxygen apart from removing toxic metabolite waste from
the brain to the cervical lymph nodes [27]. Later on, we will comment on the
intercommunication between PCs and endothelial cells in AG, the maturation
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and maintenance of BBB and neurons/glial cells well-functioning. It is well
documented that Notchdependent contact inhibition between PC and EC
maintains the stable equilibrium of BV for later proliferating and migrating
processes. Therefore, it is probable that administering recombinant
angiopoietin-1 protein intraocularly will restore the retinal vascular function
and networking from angiogenesis even in the absence of mural cells in a
patient presenting intraocularly cysticercosis instead or surgical treatment
as we proposed before [12]. On the other hand, in CNS/NCC, we speculate
that angiopoietin-1 and its tyrosine kinase receptor (present in EC) are
the main ingredients of AG in response to local neuroinflammation caused
by NCC, which build a plexus of CV leading to an extensive remodelling
structural adaptation, sprouting, and pruning as graphically as shown in
Figure 3.

Under hypoxic/ischemic conditions caused by NCC vasculitis/ischemic
stroke/racemose NCC [14], we assume that PC can produce VEGF, detach
from the vasculature prior to the migration of EC, and the secreted VEGF
create a gradient to guide EC as happens in other circumstances [37].
Therefore, we speculate that in NCC, the PCs are one of the first cells
arriving at the perilesional area (responding to released antigens from
cysticercus) in the colloid stage, leads to contribute to remodelling of the
vasculature, stimulating PC proliferation and migration to the perilesional
region after binding the EC secreted PDGF-BB with the PDGFRP
(expressed on PCs) the principal element of AG and PC function [37]. Other
personal speculative theories on the role of PC in NCC include an increased
expression of marker Ki67/PDGFRB/CD13/myeloid cells (macrophages,
basophils, neutrophils, monocytes, and eosinophils)/dendritic cells, and
EC at the pericystic region. We also hypothesized that a receptor tyrosine
kinase inhibitor blocking PDGFRp signalling might cause PC detachment
and regression of dysfunctional CV around the cystic lesion, as documented
in other situations. Furthermore, PC/AG can guide axonal growth and
regeneration across the perilesional area providing growth permissive
substrates by vascular bridging (only under pathological conditions) [38].
It is essential to highlight that apart from programmed reactivation of axon
growth, the same authors documented other types of axonal regeneration-
competent activity at the posterior column of the SC, rubrospinal tract and
other axons associated with OPC/NG2/CD13 positive cells [38] which can
support our hypothesis.
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The PC, BBB, and Neurovascular Inflammation (NI) in
NCC

The role of BBB by itself in patients with NCC will be deeply commented
on in the forthcoming manuscripts, but we now would like to emphasize
the relationship between PC/BBB/NI/NCC. We have speculated on the
capacity of PC/NCC to adapt to the perilesional cysticercus by releasing
VEGF stimulated by hypoxia/ischemia caused by NCC vasculitis, PC's
capillary constriction (in response to PDGF-BB) and their capacity to
increase growth factors expression including chemokines as happens
under different conditions where PC produce a considerable expression of
chemokine (C-X-C motif) Ligand 1 (CXCL1) and Interleukin-6 (IL-6) as we
reported in patients with NCC/COVID-19 [17-20] apart from their capacity
to increase the presence of inflammatory receptors like Toll-Like Receptor
4 (TLR4). In NCC, the PC's behaviour is probably similar to the one seen
under other pathological conditions after being stimulated with LPS causing
translocation of the Intranuclear protein complex Factor Kappa-B (NF-kB),
leading to the consequent activation of its downstream effectors. However,
it needs to be proven in further investigations. However, in the meantime,
this postulate supports our assumption on the upregulation of inflammatory
receptors with activation of the proinflammatory mechanism in response to
local Neuroinflammation (NI) caused by NCC.

Therefore, we believe PCs are also relevant and direct NCC/NI process
modulators.

Contrary to the established arguments about the potential
neurodegenerative action of proinflammatory modulation (monocytes and
TNF-a activate neutrophils) and activate microglia, we did not identify any
signs of neurodegenerative disorder in thousands of patients with NCC
followed by us for the past 25 years, and even the comorbidity of NCC
and ALS is a scarce phenomenon in daily clinical practice. Nevertheless,
the comorbidity of NCC and HIV/AIDS (a disease characterized by chronic
NI) in our setting is quite common [19,20]. In this situation, the number of
PC and expression of CD13 and PC markers (PDGFR) are diminished
while the number of activated microglia increases, supporting the previous
statement on NI controlled by PCs. Therefore, we speculate on the integrity
of the BBB affected by PC detachment (Figure 3), allowing the passage
of harmful elements, including fibrinogen and fibrin from the CV into the
nervous system, activating microglia and worsening the local state of NI,
which support the treatment with corticosteroids and other drugs able to
release trophic factors and interleukin 33 for a higher anti-inflammatory
response. However, a large clinical trial should be done to confirm it.

The role of PC on Fibrotic Scar Formation (FSF) in NCC

We illustrate in Figure 2, the nodular-fibrotic stage of NCC is between
the colloid and calcified stage, which is the result of the ubiquitous,
multicellular, and evolutionarily conserved wound healing process allowing
tissue continuity and restoration/remodelling neural network which is
supported by fibrotic and immune cells (PC/fibroblast). Brain PCs are not as
heterogenous as we believed before and are distributed all along the human
body, where they exhibit some differences; for example, lung PC do not
express a commonly seen CD13 (marker) [39] contrary to the brain. Based
on this evidence, we hypothesized the crucial involvement of CNS PC in the
healing process and FSF around the cysticercus during the nodular-fibrotic
stage, causing failure of axonal regeneration and supporting angiogenesis
to restabilize BBB structure and recovery of the neuronal network.

Pericytes in spinal cord NCC (SCNCC)

Since 1856 less than one hundred cases of SCNCC (leptomeningeal/
intramedullary) have been reported in the medical literature, and only one
case of comorbidity of SCNCC/TB spine/HIV has been published [40]. It is
an uncommon disorder, but its rarity does not justify the lack of scientific
attention and dedication to this medical condition as shown in Figure 4.

Anterior and posterior epidural collections are noted, which effaces
the cord, and the cord demonstrates features of compressive myelopathy.
2-A calcified spindle shape calcification and two rounded calcifications at
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the T-3 level, like calcified NCC. A performed quantitative ELISA for NCC
immunodiagnostic using CSF and purified fraction from Taenia solium
cysticerci (PCF-ELISA) confirmed SCNCC and ring-enhancing lesion on
the lateral view with ELISA confirmation of SCNCC, 3-Interneuron cells,
4-Pericytes, 4A-Recovered/recruited PC, 4B-PC detachment, 5-Astrocytes,
bA-Recovered astrocytes, 6-Microglial cells, 7-End foot of astrocytes.
TAAQP4, 7B-GS, 7C-CA, 7/8A-BBB, 7/8B-Leaky BBB, 8-Endothelial
cells, 9-Tight Junction (TJ) EC regulate the passage of molecules, ions,
and cells between the blood and the brain. The Tj is controlled by PC,
astrocytes, perivascular OPCs, interneurons, microglia, and perivascular
macrophages, 10-Sprouting of new capillary, 11-Perivascular macrophages,
12-Perivascular OPC/NG2 cell,13-Professional immune cells (monocytes,
macrophages, Thl, CD8, and natural killer cells), 14-chemokine (C-X-C
motif), 14A-Ligand 1 (CXCL1) is belong from the CXC chemokine family
which acts as a chemoattractant for several immune cells, predominantly
neutrophils and support the SC development by inhibiting the migration
of OPC/NG2, 14B-CXCL8 Interleukin 8/IL-8 or CXCL8 is a chemokine
produced by macrophages and epithelial cells. We also speculate that they
recruit neutrophils to the NCC pericystic lesion. CXCL motif Chemokine
Ligand 10 (CXCL10), also named as small-inducible cytokine B10 or
Interferon gamma-induced protein 10 (IP-10), is an 8.7 kDa protein encoded
by the CXCL10 gene, which also belongs to the CXC chemokine family
and secreted by endothelial cells, fibroblast and monocytes in response to
IFN-y always present in the colloid stage of NCC. Their main functions are:
chemoattraction for NK cells, dendritic cells, monocytes/macrophages, T
cells, adhesion to endothelial cells, promotion of T cell, antitumor activity,
inhibition of bone marrow colony formation and remarkable participation
in AG, 15A-CCL2, 15B-CCL3, 15C-CCL5, 16-Scavenger receptors (CD36,
CD47, and CD68) can recognize many ligands like ferritin, phospholipids,
lipoproteins, cells death, cholesterol ester, proteoglycans, and carbohydrates
playing a remarkable role in homeostasis, 17-Induced neutrophil synthesis
(IL-1a, IL-1B, TNF-a), 18-3D structure of human neuroglobin, 19-Matrix
metallopeptidase 2, a 72 kDa type IV collagenase also known as gelatinase
A/Matrix Metalloproteinase-2 (MMP-2) is an enzyme encoded by the MMP2
gene an enzyme involved in the mechanism of inflammatory response.
20-Cyclooxygenase-2 (COX2) also named as Prostaglandin-endoperoxide
synthase 2/prostaglandin G/H synthase is an enzyme encoded by the PTGS2
gene leading to the conversion of arachidonic acid into prostaglandin H2,
(an essential precursor of prostacyclin), expressed in NI, 21-Transforming
Growth Factor Beta 1(TGF-B1) a polypeptide encoded by the TGFB1
gene that control cell growth, cell differentiation, cell proliferation and
apoptosis, 22-Prostaglandin receptors (G protein-coupled receptors) from
the rhodopsin-like receptor family related to chemotactic factor receptors,
22-granulocyte Colony-Stimulating Factor (G-CSF) is a cytokine/hormone
produced by different tissues, 23-Granulocyte-macrophage Colony-
Stimulating Factor (GM-CSF) also named as Colony-Stimulating Factor
2 (CSF2), is secreted by macrophages, natural killer cells, T cells, mast
cells, fibroblasts and endothelial cells working as a cytokine. 24-Platelet
Derived Growth Factor Subunit B, seen in defected OLG, 25-macrophage
Migration Inhibitory Factor (MIF), also known as Ldopachrome isomerase,
Glycosylation-Inhibiting Factor (GIF), or phenylpyruvate tautomerase
is a protein encoded by the MIF gene, 26-Angiopoietin 1/TEK Receptor
Tyrosine Kinase, 27-Toll-like receptor proteins.28-Neurogenic locus notch
homolog protein 3 (Notch 3/ Jagged Canonical Notch Ligand 1) is a protein
encoded by the NOTCH3 gene, 29-cysticercus cellulase.

As we hypothesized for the role of PC in cerebral NCC, we believe
that in cases of SCNCC, the role of PC has some differences due to their
intrinsic differences, including neuroglia, neuronal network, blood barriers,
and clearance system, among others. As before cited, the low frequency
of SCNCC is related to less blood supply to the cord compared with the
brain, some differences between the BBB compared with the Cord Blood
Barrier (CBB), and differences in the clearance system of metabolite waste
due to proper anatomical limitations of peridural space of the SC compared
with the brain and the access to the MLV/GS. However, we believe that the
role played by PC in SCNCC in some aspects is quite similar to the INCC
regarding the swift response of macrophage, supporting cells, presence of
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neutrophils to remove tissues debris and apoptotic cells, elevated production
of cytokines and chemokines, and AG stimulated by detached PC from the
endothelial cell in the CV, plus proliferation, and migration to the interstitial
space to participate in the mechanism of FSF as has been confirmed under
different conditions [41]. Furthermore, based on findings reported by the
same investigators, we consider that SCNCC recruit macrophages which
also extend their filopodia and lamellipodia for a solid fixation for the BV
and do their job (Figure 4). Concerning SCNCC, we believe that the number
of PC dethatched support sprouting new vessel formation as happens in
INCC.

We believe that AG is vital to ensure the proper blood supply around
the cysticercus area to provide the vital nutrients/oxygen necessary to
satisfy the high metabolic demand of neuroplasticity. Using the ganciclovir-
mediated loss of NG2+ cells/ thymidine kinase, other authors have
documented that dysfunctional AG leads to delayed FSF by blocking the
FSF and diminishing/discontinuing fibrillary acidic protein expression,
loosely entwined astrocytic borders in animals. Other elements involved in
the mechanism of FSF include OLG/OPC/NG2+, which explain perilesional
oedema, as we documented recently [42]. Notwithstanding, other
investigators reported that genetic ablation of the membrane protein of
astrocytes (Glast+) PC and Platelet-Derived Growth Factor Receptor Beta
(PDGFRp+) remarkably decreased FSF leading to the unsealed wound
after cord injury [43]. The role of Gamma-ray Large Area Space Telescope
(GLAST) in our hypotheses will be commented below, but now we like
to highlight that GLAST is most expressed mainly in Bergmann glia cells
(unipolar astrocytes) at the cerebellar cortex around the Purkinje cell and
GLAST is the leading transporter of glutamate/aspartate.

The PDGFRp gene at position q32 on human chromosome 5 (5q32)
contains 25 exons. 5q32 is flanked by the Colony stimulating factor 1
receptor genes and granulocyte-macrophage colony stimulating factor. Its
deletion causes many genetic disorders as shown in Figure 3, increased
expression of Fibronectin (Fn) and Laminin (Lm) fibroblasts around the BV
are implicated in FSF, and its elimination reduces the FSF velocity process
and increases axonal density at the perilesional region [44].

We speculate that Fn and Lm, the extracellular matrix protein
periostin, are involved in NCC/FSF by facilitating the recruitment of
infiltrating macrophages and the consequent production of inflammatory
chemokines/cytokines, plus also in the regulation of PC proliferation. On
the contrary, the deletion of periostin diminishes FSF, collagen deposition,
and PC proliferation through dysfunctional TNF-Xsignalling, increases the
number of axons, and promotes recovery in NCC. Notwithstanding, other
authors reported that diminishing PC proliferation causes a decrease in
FSF, leading to better conditions for axonal regeneration, neuroplasticity,
and CNS network restabilizing [45]; we speculate that a similar process
happens in SCNCC. Unfortunately, this issue has been neglected for a long
time, and no well-designed study has been performed, but at least it has
known that dysfunctional PC participate in the FSF, onset and progression
of neurodegeneration and failure of recovery of descending tract in SC
injury [45].

It is important to remember that Fn associated with specific amino-
acid sequences (on the alphachain) plays a remarkable role in cell growth,
migration, differentiation, adhesion of EC, cell shape and movement,
cell attachment and differentiation, embryonic development, wound
healing, maintenance of tissue phenotype, tissue survival, malignancies,
arthritis, and fibrosis. At the same time, Lm (glycoprotein) is part of the
structural mechanism of scaffolding mainly in CV, Peripheral Nerves
(PN), Neuromuscular Junction (NMJ), and Dorsal Root Ganglion (DRG),
promoting the necessary cell adhesion for neural development, PN repairing
(secreted by Schwann cells) and other neurodegenerative/neuroplasticity
activities [40,46].

Apart from the BBB disruption, FSF, local neuroinflammation, and
autoimmune response in the pathogenesis of SCNCC/INCC, other
associated problems related to PC activity require more attention. One is the
PC's CV constriction in response to pericystic tissue damage and the high
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expression of inflammatory mediators in the NCC colloid stage, as in other
SC lesions [47]. Therefore, a well-designed clinical trial for dysfunctional
PC should be done to preserve their capacity of CV new formation and
maintenance for an adequate blood flow and supply oxygen, nutrients,
clearance of toxic waste metabolites, and secretion of trophic factors
necessary for functional recovery of the neural network. Recently, other
authors from Germany and Luxemburg demonstrated that PC strengthen
the histological integrity of the BBB in primary endothelial cell/pericyte co-
cultures and even in vitro BBB model. They used Transendothelial Electric
Resistance (TEER) to measure BBB's integrity. Opposite to this effect was
abrogated by TGF-p or TGF-3 secreting GBM cells, disrupting healthy and
tight BBB. Furthermore, they documented that TGF-3 remarkably changed
the metabolic behaviour of PC. The same investigator documented that
the TCA cycle can be shut down by TGF-$ addressing energy generation
(oxidative phosphorylation) towards glycolysis and by modulating pathways
for the biosynthesis of molecules mandatory for proliferation and cell
division [48].

Based on finding in other medical conditions and reported by other
authors [48], we hypothesized the differences between PC and its expression
profile around the cystic lesions in the colloid stage of NCC compared with
PC in a normal brain. In cases of PC/NCC, we believe the expression of the
epithelial tissue to mesenchymal transition factors (EMTFs-SLUG/TWIST) is
different and include a different PC/NCC behaviour favouring the necessary
AG and restitution of disrupted BBB, which is supported by TGF-p secretion
pushing all implicated PCs to modify their growth morphology and increase
cell motility and proliferation [49].

In our opinion, the regulation of BBB integrity by NCC/PC need to be
investigated through well designed protocols able to prove the capacity of PC
to modulate and activate involved cells functionally, PC/BBB differentiation
in the presence of TGF-B, and why TGF-3 concentration (produced by T98G
cells) increase during co-culture studies, plus to identify the role played by
cytokine/chemokines in this process, and the results of long-term TGF-f
treatment of PC. Another issue to be documented is the mechanism of high
intracellular glucose and low concentration of citrate under TGF- treatment
plus energy production at the mitochondrial oxidative phosphorylation in the
way of glycolysis in a large group of patients. However, it is unanimously
accepted that PC is susceptible to oxidative stress [50], but this issue will
be commented on in our forthcoming article.

PC in regulation of immune cells and neuroinflammation

We have hypothesized that the PC in cerebral NCC have four relevant
functions: 1-To control the immune cell activation, including T cells, microglia,
and macrophages; 2-To regulate leukocyte trafficking and extravasation;
3-Torespond and express proinflammatory and anti-inflammatory molecules;
4-To rely upon the signal of infection to neuron cells by secreting chemokine
CC chemokine ligand 2 (Monocyte Chemotactic Protein-1, MCP1) being
the initial sensor of the systemic inflammatory process as was reported by
Duan and colleagues under different circumstances [51]. We also speculate
that PC in patients with NCC can increase leukocyte extravasation (post-
capillary veins) interacting with capillary PC and leukocyte transmigration
by releasing mediator molecules following inflammation stimuli leading to
crawling of the sub-endothelial cell along PC processes and Transendothelial
Migration (TEM) of neutrophils to the interstitial space through the gaps
between adjacent pericytes which is supported by Lymphocyte Function-
associated Antigen-1 (LFA-1), Macrophage-1 antigen (Mac-1), pericyte-
derived Intercellular Adhesion Molecule-1 (ICAM-1) and its leukocyte
integrin ligands as has been documented in other pathological conditions
[44]. We also believe macrophage Migration-Inhibitory Factor (MIF) and
CCL2 mediate PC-monocyte interaction and neutrophil migration involving
C-X3-C motif Chemokine Ligand 1 (CXCL8) as Interleukin 8, IL8) and MIF
are close related with PC/NCC based in our previous systematic reviewed.
In previous articles, we commented on the role of cytokines such as TNFo,
and Interleukin 1 Beta (IL1B) in NCC and NCC plus comorbidities (HIV/AIDS/
COVID-19) [19,20,52]. Now, we consider that NCC/PC exposure to cytokine
promotes releasing of Matrix Metalloprotease 9 (MMP9) and inflammatory
molecules, causing disruption of the BBB. On the other hand, based on
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our previous studies on cytokines (IL1B, TNFa, IFNy), plus Interleukin 6
(IL6-cytokine storm) may induce proinflammatory states in endothelial
cells and activated astrocytes/microglia leading to neuronal death, we
hypothesized that the same happens when PC expose to cytokine as has
been documented in other conditions [45]. Apart from the proinflammatory
elements secreted by PC, they can produce anti-inflammatory elements
like C-X3-C motif Chemokine Ligand 1 (CX3CL1) and Interleukin 33 (IL33)
and, promoting anti-inflammatory microglial phenotype. This issue will be
commented on in our subsequent publication. Now, we want to highlight
that PC in healthy conditions exerts a relevant anti-inflammatory effect on
endothelial capillary cells, also reported by other authors [47].

Phenotype changes of PC in NCC

Some authors established that PC could be transformed into multipotent
stem cells responding to pathological environmental changes and neural
stimulus with the capacity to differentiate into vascular, neural, and glial
cells like mesenchymal stem cells. We think that the ischemic scenario seen
in NCC due to NCC vasculitis, associated capillary constriction, and low
levels of oxygen-glucose supply facilitate the capacity of PC to develop stem
properties and elevated phagocytic activity as reported in other pathological
states [47]. We also agreed that these transformations are helpful for the
vital process of CNS remodelling, quick response to pathogen agents, NI,
and support to the clearance mechanisms with better protection of the BBB.

Scar formation in NCC

We previously commented that pericystic damage caused by infection
of the larva stage of the pig tapeworm T solium in the brain evokes scar
formation preceded by the recruitment of astroglia. Apart from OPCs/
NG2/astrocytes, other relevant components of the glial scar are PCs,
according to other authors [47]. Based on findings from other authors [53],
we hypothesized that extracellular matrix proteins like periostin induce
PC proliferation and migration to the pericystic area involved in glial scar
formation. We agreed that the glial scar present also alleviates the damage
caused by the preceded perilesional oedema because the barrier formed
between the pericystic lesion can prevent additional neuronal damage/
apoptosis that can hinder local axonal regeneration.

Recent publications have demonstrated that the glial scar can also
promote CNS regeneration after injury [52]. The heterogeneity and
complexity and FSF derived from the partic different cell types (i.e.,
astrocytes, pericytes, and OPCs) in various phases of CNS diseases need
to be elucidated. On the other hand, Reeves and colleagues reported the
relationship between OPC/NG2+, nestin-expressing cells, and PDGFRpB+
pericytes, including their proliferation and functional maturation. They
concluded that PDGFRp+ (Platelet-Derived Growth Factor Receptor Beta
(PDGFRP) and Olig2+ cells contribute to the proliferative fraction following

penetrating brain injuries, with evidence of pericyte migration. Furthermore,
dynamic changes in Cx43 in glial cell types with dpi suggest functional
alterations during the temporal stages of brain repair [53]. Based on the
report of previous investigators and colleagues from studies performed
under different pathological conditions, we hypothesized that between
nodular-fibrotic and calcified stage of NCC, the mechanism of glial scar
formation also has a central Zone with high expression of nestin+ pericytes
and an outer Zone with elevated expression of reactive GFAP-astrocytes
and the PDGFRp can identify all populations of neuroglial cells. The
PDGFRp+ and OPC/NG2+ cells highly contribute to the proliferative fraction
with PC migration away from the capillary vessels into the organizing scar
mechanism, plus functional implications during the repair process caused
by Cx43 (glial differential markers) modifying the reactive cells and the NVU
favouring ictal response expressed by ES/Ep and headache due to irritation
of trigeminal pain receptors in the wall of affected BV. Here, we highlighted
that PDGFRp+, Oligodendrocyte Precursor Cell and Neuroglia 2 (OPC/
NG2) play a crucial role in the proliferative fraction around the cysticercus
at the end of the colloid stage and the beginning of the nodular/fibrotic stage
of NCC with PC migration which future studies must confirm.

Crosstalk of PCs with the neighbouring cells: neuroglia
and EC in NCC

We consider that patients with NCC have an interconnection between
the EC and PC sharing the basement membrane by some types of integrin
molecules, as happens in other pathological conditions. Nevertheless,
the proper crosstalk between endothelial cells and PC is mandatory to
provide an adequate neoformation of functional BBB, vascular stability,
and angiogenesis. However, if the basement membrane is absent for
whatever aetiology, digitations from both sides (peg and socket contacts)
lead to direct interconnections favoured by connexin 43 and N-cadherin,
respectively, as have been documented in other conditions. Even though
the role of TGFB, Notch, VEGF, PDGFB (secreted by EC), PDGFRp-
positive PC, and S1P/S1PR1 signalling events have been well studied in
brain PC and EC, now nobody knows how they modulate the mechanism
of perilesional angiogenesis during/after colloid/fibrotic stage of NCC;
therefore, other hypotheses will be delivered below.

As happened under other circumstances [54], we believe that people
with NCC/PC produce vascular endothelial growth factor with reciprocal
interaction, and CNS/PC-derived VEGF promote cell survival and EC
sprouting with proliferation, migration, and EC stabilization as well.
Considering that Periostin (PT) is a matricellular protein expressed at basal
levels along with laminin y2 and fibrocetin, involved in the mechanism
of tissue regeneration/wound healing plus its capacity to facilitate the
activation/differentiation/contraction of fibroblasts in many parts of the body,
we propose to include it in our hypothesis as shown in Figure 4.

B> 5. 2,231

o TEEW
@/’%@’ A ‘%ﬁ@

Z(i.t,‘J

"-_-ﬂ ;1 20

Figure 4. Based on the T-2 MR findings, the proposed schematic hypotheses for AG (Anterior Granuloma) in SCNCC (Spinal Cord Noncompressive Cervical Myelopathy)
are as follows: The observed features are consistent with tuberculous involvement of the T2, T3, and T4 vertebral bodies, intervertebral disc, and sub-ligaments. The disease
appears to have spread anteriorly to the vertebral bodies, affecting the pre/paravertebral spaces, as well as extending into the retropharyngeal space. Additionally, there is

evidence of a disruption of the anterior longitudinal ligament.
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Angiopoietin-1 (Angl) is an oligomeric-secreted glycoprotein that
belongs to the AGP family (Ang2 and Ang3/4) of growth factors which play a
remarkable role in AG and vascular development. All AGPs bind with similar
affinity to an EC-specific tyrosine-protein kinase receptor. This protein is
secreted by glycoprotein which activates the receptor by inducing its tyrosine
phosphorylation. It is critical in mediating reciprocal interactions between
the EC and surrounding matrix and mesenchyme blocking EC permeability.
It is essential to highlight that ANG1 has strong vascular protective effects
and is characterized by an inhibition of vascular inflammation, suppression
of plasma leakage, and prevention of EC apoptosis [ANGPT1 angiopoietin
1 [Homo sapiens (human)] -Gene -NCBI (nih.gov)]. It is mainly active in PC,
while ANPPT2 is active in EC like their ligand TEK gene (also known by the
TIE2 gene), which guide the process making a protein called TEK receptor
tyrosine kinase. The TEK receptor tyrosine kinase (or TEK receptor), which
lines the walls of The TEK gene (also called the TIE2 gene), provides
instructions for making a protein called TEK receptor tyrosine kinase.
The TEK receptor tyrosine kinase (or TEK receptor) is active (expressed)
mainly in endothelial cells at lower levels by PC, which line the walls of BV
as shown in Figure 3. Crosstalk between PC and EC is also mediated by
circular RNA [54].

In cases of NCC/PC, their crosstalk/astrocyte is closely associated with
BBB maintenance under a hypoxic/ischemic environment caused by NCC
vasculitis and PC/CV constriction together with dysfunctional astrocyte
(loss of AQP4 and corpus amylacea/clearance failure), poor control of PC
migration and cyclophilin A regulation (PC signalling), and BBB integrity as
we previously published [42,52,55] and illustrated in Figure 3. A previous
publication commented on the role of perivascular/parenchymal OPC/NG2
on the functional structure of BBB/demyelination through TGFp1 signalling.
On the other hand, our following publication will comment on the role of
Microglial Cells (MGC) as the primary executor of NI in NCC. Now we
like to hypothesize the relationship between MGC, AG, BBB and NI. In
other publications, we commented on and illustrated the MGC/Astrocyte
activation mechanism in NCC and NCC/COVID-19/HIV without PC
participation [19,20,51]. We believe that NCC/PC is the central mediator of
MGC expression/EC mechanism of producing cytokines and chemokines,
which also trigger MGC activation. It supports our hypotheses based on
findings reported from animal studies in response to TNFa expression
where PC produce Macrophage Inflammatory Protein 1 (MIP1) and ILS,
which also trigger MGC activation [51]. In patients with comorbidity of NCC/
COVID-19, the mechanism of elevated expression of IL-6 (cytokine storm)
leads to severe neurological and respiratory complications, brainstem
dysfunction and long COVID-19 aggravated by dyshiosis was documented
by us recently [55]. Most probable, another aetiology of disruption of BBB
(triggering AG) is caused by MGC expression, as reported in a rat in vitro
model [56].

Notwithstanding, in our opinion, other vascular permeability factors like
CCL2 secreted by PC (responding to Nli/hypoxia/ischemia) can activate
MGC in the pericystic, supporting the mechanism of capillary retraction of
PC and inflammatory monocyte recruitment as has been reported in some
malignancies [57] worsening the outcome of NCC due to neurons and
glial cell's apoptosis and human death mainly in severe parasitic infection.
We also speculate on the increment of other anti-inflammatory elements
secreted by PC, such as CX3CL1 protein which is a chemokine that
combines properties of adhesion molecule and chemotactic for monocytes
and T cells and Interleukin 33 (IL33-illustrated in Figure 3) which is a protein
encoded by the IL33 gene and a member of the IL-1 family receptor with the
capacity of produce T helper-2 (Th2)-associated cytokine (e.g., IL-4) and
a ligand for ST2 (IL1RL1), remarkably expressed on mast cells, Th2 cells,
group 2 innate lymphocytes, fibroblasts, dendritic cell, epithelial cells, EC,
osteoblast and macrophages. Therefore, we believe the fatal prognosis in
patients with NCC is related to the poor secretion of those anti-inflammatory
microglial phenotypes in patients with severe parasitic infection/significant
mass effect.

The role played by astrocytes in the pathogenesis of ES/Ep/NCC will
be illustrated in the forthcoming publication; now we have hypothesized
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that elevated expression/activation/signalling of astrocytic metabotropic
Glutamate Receptors (mGIuR3 and mGIuR5) is intensely involved in the
pathogenesis of ES/Ep/NCC. This hypothesis can be supported by some
findings reported by other investigators [68]. Therefore, decreasing the
glutamate level might help control ES in patients presenting refractory
epilepsy. Fortunately, pharmacoresistant epilepsy is exceptionally
uncommon in our daily medical practice; therefore, performing a large
clinical trial looking for novel neuroprotective therapies and new approaches
to anti-epileptic/anti-epileptogenic management will be very difficult. Despite
the close location of PC and Perivascular Macrophages (PVM) in the CNS
and their shared functions on BV permeability and phagocytosis, we do not
have enough information to build a credible hypothesis on the interaction
between PVM and PC in NCC.

Hypotheses on the role of PCC in Ischemic Stroke (IS)
caused by NCC

In 2018, we published a cross-sectional study on ISINCC. We found the
odds of ISin NCC were 2.0 and 2.6 higher in patients with SNCC and INCC,
respectively and concluded that SNCC increased the risk of IS three times
more compared with the control group [14]. Based on findings from other
investigators, we now have a better capacity to formulate a new hypothesis
on this issue.

A few months after the publication, Gautam and Yao reported that PC
on the GV is involved in the mechanism of BBB maintenance, regulation of
CBF, AG, FSF, NI and autoimmune responses, as mentioned several times
before and specifically on the stroke pathogenesis. In patients presenting
INCC and SNCC, we have hypothesized that pericapillary PC provoke
significant vasoconstriction causing a no-reflow phenomenon apart from
the damage caused in the pericystic area due to disruption of the BBB/
ROS production (enzymatic source), Matrix Metalloproteinase 9 (MMP-
9) upregulation (released by PC), and overexpression of nicotinamide
adenine dinucleotide phosphate oxidase 4. As a consequence of the
enunciation, as mentioned earlier, one medical complication seen in our
medical practice is the occurrence of intra-parenchymal haemorrhage
after a wrong administration of intravenous tissue-type plasminogen
activator for thrombolytic treatment in IS patients. Knowing that all Matrix
Metalloproteinases (MMPs) are well-known inflammatory mediators and
members of the family of zinc-dependent proteolytic enzymes with the
capacity to degrade several components of ECM and non-ECM molecules
through tissue remodelling under physiological/pathological processes, we
speculate that MMP9 (released by PC) under ischemic conditions invade
the TJ of the EC affecting their permeability to oxygen/nutrient/metabolite
waste. We speculate that high levels of MMP9 can be present in moderate/
severe NCC infection. Based on that, the serum MMP9 test may be used to
investigate its level in the plasma of affected people supported by its cost-
effective and low-risk investigation (the normal range of plasma MMP-9
concentration is 11.4-59.4 ng/ml) [58]. In cases presenting IS/NCC related,
PC might regulate leukocyte infiltration-regulating ischemia and leukocyte
transmigration across PC's gaps in response to high cytokine/chemokine
expression apart from FSF/BV stabilization, modulate the necessary AG
to improve the blood flow in the pericystic lesion and release Reactive
Oxygen Species (ROS) which is originated in the endoplasmic reticulum,
peroxisomes and mitochondria and has a variety of free radical unstable
molecule containing oxygen able to react with other surrounding molecules.
An increased expression of ROS causes damage to RNA, DNA, and
proteins and may cause apoptosis around the cysticercus, as has been
proved in animal studies [58].

We speculate on the role of Neuroglobin (Ng) in NCC, considering its
participation in cellular oxygen homeostasis and its expression in almost
all components of the nervous system (neuron and glial cells), including
the retina and CSF protein. Ngb is a neuroprotective molecule mainly
expressed in the CNS in response to cerebral hypoxia/ischemia. Based on
studies regarding the participation of Ngb in neurogenesis/neuroprotection
at the level of NVU (pericytes, smooth muscle cells, endothelial cells,
astrocytes, microglia, oligodendrocytes, and neurons), Ngh also can
protect the CNS under ischemic/hypoxic conditions reported by Yeojin and
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collaborators [59] as happen in NCC. Therefore, we have hypothesized that
Ngb in cases of NCC can be primarily expressed in PDGFRppositive PC,
mainly at the penumbra area of the IS/INCC vasculitis, improving the oxygen
transportation across the disrupted BBB, alleviating vasogenic oedema,
diminishing NI, blocking the intrinsic pathway of mitochondrial cell death,
and promoting neuroplasticity as other author proposed under different
circumstances [60].

Until proven otherwise, protecting the microvascular network is the only
way to get successful neuroprotection and prided advances in the knowledge
of how PC signalling provides remarkable clarity on the mechanism
of NVU [30]; we also speculate that NCC-provoked responses lead to
crosstalk among all cellular process and modified cell-cell interactivity as
we mentioned before, PCs and endothelial cell shares the same basement
membrane which allows PCs to exert an efficient control over astrocytes,
endothelial cells, OLG/NG2, and BBB stability to avoid NVU pathologies.
Finally, according to the findings reported by Hartmann and others [45,58-
60], our last hypothesis proposes that in patients presenting NCC, their
CNS PC modulate AG, the VS in the NVS, maintenance and development
of the BBB, participate together with MLV, GS, CA, AQP4 in the clearance
mechanism of CNS's metabolite waste, the traffic of inflammatory cells
mainly neutrophils as one of the first immune cells to respond destroying
the invading microorganisms by ingesting, releasing enzymes to kill them
and boosting the response of many immune cells together with professional
immune cells such as (monocytes, macrophages, Th1, CD8, and natural killer
cells), acquisition of stem cell-like properties and the proper coordination of
crosstalk with glial, endothelial, and neuronal cells in the NVU in response
of proinflammatory stimuli such as growth/cytotoxic factors, cytokines,
chemokines, and interferons secreting mainly CC such as CCL2, CCL3,
and CCL5. The first one is a chemokine (C-C motif) Ligand 2 (CCL2), also
known as small inducible cytokine A2 or Monocyte Chemoattractant Protein
1 (MCP1) which is a small cytokine belongs to the CC chemokine family. We
include it in this proposed hypothesis because we believe they can regulate
cellular mechanics and recruit dendritic cells, memory cells and monocytes
to the cysticercus perilesional area as shown in Figure 4. Chemokine (C-C
motif) Ligand 3 (CCL3) protein named by other colleagues as Macrophage
Inflammatory Protein 1-alpha (MIP-1-alpha) encoded by the CCL3 gene is a
cytokine also a member of the CC chemokine family. Therefore, we consider
that it is involved at the beginning of the NCC colloidal inflammatory state
leading to the recruitment and activation of polymorphonuclear leukocytes
probably by binding to CCR1, CCR4 and CCR5 receptors, but this
speculation must be confirmed by further investigation. On the other hand,
chemokine (C-C motif) Ligand 5 (also CCL5) protein encoded by the CCL5
gene localized on the 17q11.2-q12 chromosome. It is also named RANTES
(regulated on activation, normal T cell expressed and secreted) and is
mainly expressed by monocytes and T-cells. Therefore, we also speculate
that CCL5 is a proinflammatory chemokine with the capacity to recruit
leukocytes to NCC pericystic inflammatory lesions and act as chemotactic
for eosinophils, T cells, basophils, monocytes, mastocytes, Natural-Killer
(NK) cells, and dendritic cells supported by some cytokines like IFN-X [L-2
and IL6 released by T cells in NCC with the highest expression in NCC/
COVID-19/HIV-suppressive factor released from CD8+ T cells inducing
proliferation and activation of NK to form CHAK (CC-Chemokine-Activated
Killer) cells which need to be proved by future investigations.

Other elements included in this hypothesis are the well-known [L-6
and Cyclooxygenase-2 (PTGS2/C0OX2). Knowing that PTGS2/COX-2 are
elevated during inflammatory processes in tissues where prostaglandins are
unregulated by NI, we have hypothesized that this enzyme has an important
role in states of NCC/hypoxia/ischemia caused NCC vasculitis mainly in
intraparenchymal/subarachnoid (racemose) NCC. Nonetheless, it has
classically known that a small dose of aspirin protects the brain vasculature
against IS by blocking PTGS1/COX1, avoiding prostaglandin formation
(Thromboxane A2-TXA2) and platelet aggregation/thrombosis which is
three times more often in SNCC as we before cited. Another component of
this hypothesis is Matrix Metallopeptidase 2 (MMP-2), which plays a crucial
role in AG, and EC migration, generating antiangiogenic factors, promoting
VEGF mobilization and driving lymphangiogenesis probably including the
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MLV, which is the main component of the clearance of metabolite waste
in the CNS with the GS [42]. We speculate that MMP2 participate in the
breakdown of the extracellular matrix in Figure 3. Unfortunately, we do
not have enough accurate information to formulate another hypothesis on
the mechanism of its activation by extracellular proteinases to degrade
IV collagen at CV's basement membrane during the NCC's colloid stage.
Likewise, scavenger receptors (CD36, CD47, and CD68). We like to
record that Scavenger Receptors (SR) are a large variety of superfamily
of cell surface receptors, mainly found on myeloid cells and involved in
homeostasis, pathogen clearance, apoptosis, and inflammatory diseases.
We added it to this hypothesis because we believe they participate in the
pathogenesis of the NCC system of clearance of metabolite waste, NI, and
homeostasis, among other activities. Until proven otherwise, we suggest
including other elements, such as IL-17-activated PCs, in this hypothesis.
CXCS such as CXCL1, which has the exact role of interleukin-8/CXCLS,
binding to receptor CXCR2, activates MAP kinases/ Akt/phosphatidylinositol-
4 5-bisphosphate 3-kinase-y (PI3Ky)/, such as phospholipase-B (PLCB) or
ERK1/ERK2 signalling pathways; therefore, we have hypothesized that it
has highly expressed during inflammatory responses to antigens produced
by NCC in vesicular stage, in local NI process, and FSF. Likewise, CXCL8
(IL-8), also named a neutrophil chemotactic factor, induces chemotaxis in
neutrophils and other granulocytes, leading them to migrate toward the
pericystic region.

It is an opportune moment to recall that through ameboid movements,
Neutrophils (Np) can migrate toward sites of NI and infections supported
by plenty of cell surface receptors to detect chemical gradients of IFN-y,
IL-8, leukotriene B4, C3a and C5a molecules to be used for their migratory
pathway to be involved in chemotaxis and other functions. Besides those
beforementioned, CXCL8/IL-8 stimulates phagocytosis on arrival. It plays
an essential role in promoting AG and CXCL10, producing Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF), and Granulocyte
Colony-Stimulating Factor (G-CSF is a glycoprotein that stimulates the
production granulocytes and stem cells from bone marrow), prolonging
neutrophil survival, which induces neutrophil synthesis (IL-1a, IL-1p,
TNF-a), MIF (Macrophage migration—Inhibitory Factor), and CXCLS8. In
our opinion, apart from the PC participation in the signalling pathways,
expressed by Notch Receptor 3 (Jagl/Notch3)/Jagged Canonical Notch
Ligand 1/. We added NOTCH3 to this hypothesis based on its etiological
relationship with PC/CADASIL, PC/AD, incomplete neuronal maturation in
the posterior horn of the SC, and its probable relationship with the PC/
signalling pathway to be proved by future research. Platelet-Derived Growth
Factor Subunit B (PDGF-B/PDGFR, is a protein encoded by the PDGFA
gene (member of the platelet-derived growth factor family), and Angiopoietin
1(also known as TIE2 or CD202B) is a protein encoded by the TEK gene is
an angiopoietin receptor. TEK Receptor Tyrosine Kinase (expressed almost
exclusively in endothelial cells in humans, mice, and rats also related to
the TIE receptor tyrosine kinase) is a component of this hypothesis. One
of the most relevant elements of this proposal is the Transforming Growth
Factor Beta 1 (TGF-B1), which plays a detectable role in controlling the
immune system. Almost all immune cells/regulatory T cells release TGF-p1
which acts synergistically with transforming growth factor-alpha in inducing
transformation. The effects of TGF-B1 on monocyte and macrophages are
predominantly suppressive and can inhibit the secretion and activity of
many other cytokines such as TNF-alpha, INF-y, and several interleukins
and the action of IL-1 and IL-2-dependent proliferation in activated T cells.
Prostaglandin receptors (prostanoid receptors) like peptidoglycan-sensing
Nucleotide Binding Oligomerization Domain Containing 1/2-receptor which
represent a sub-class of cell surface membrane receptors related to primary
receptors (prostanoids, prostaglandin, PGD2, PGF2alpha, prostacyclin,
PGH2) and TXA2 D2, PGE2, PGF2alpha, prostacyclin (PGI2), and TXA2,
Tolllike Receptors (TLRs) are proteins involved in the innate immune system
usually expressed on sentinel cells such dendritic cells, and macrophages
and that recognize structurally conserved molecules emerged from
microbes. Based on their individualized characteristic, we speculate that
from TLR1 and TLR13, the proteins more prompt to participate in the immune
response to the colloid stage of NCC are TLR2, TLR4-6, and TLR10, among
other elements. Nucleotide-binding oligomerization domain-like receptors,
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