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Summary eBioMedicine
Background Inflammatory demyelinating diseases of the central nervous system, such as multiple sclerosis, are ~29241%% 104982
significant sources of morbidity in young adults despite therapeutic advances. Current murine models of remyeli- ~ PUPlished Online xx
nation have limited applicability due to the low white matter content of their brains, which restricts the spatial ?;Tg/ /:; ;:92/;24
resolution of diagnostic imaging. Large animal models might be more suitable but pose significant technological, 49;2 B
ethical and logistical challenges.

Methods We induced targeted cerebral demyelinating lesions by serially repeated injections of lysophosphati-
dylcholine in the minipig brain. Lesions were amenable to follow-up using the same clinical imaging modalities (3T
magnetic resonance imaging, 'C-PIB positron emission tomography) and standard histopathology protocols as for
human diagnostics (myelin, glia and neuronal cell markers), as well as electron microscopy (EM), to compare against
biopsy data from two patients.

Findings We demonstrate controlled, clinically unapparent, reversible and multimodally trackable brain white matter
demyelination in a large animal model. De-/remyelination dynamics were slower than reported for rodent models
and paralleled by a degree of secondary axonal pathology. Regression modelling of ultrastructural parameters (g-ratio,
axon thickness) predicted EM features of cerebral de- and remyelination in human data.

Interpretation We validated our minipig model of demyelinating brain diseases by employing human diagnostic tools
and comparing it with biopsy data from patients with cerebral demyelination.
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Research in context

Evidence before this study

Inflammatory demyelinating diseases of the central nervous
system (CNS), targeting the white matter (WM) of the brain
and spinal cord, such as multiple sclerosis (MS), represent
some of the most common non-traumatic causes of disability
in young adults. Murine models, for example, experimental
autoimmune encephalomyelitis, have been demonstrated to
depict pathophysiological facets of human disease reliably.
However, their low WM content limits validity, while their
diminutive brain sizes limit the availability of neuroimaging
tools of equal resolution to the diagnostic imaging tools used
in a clinical context in human patients.

Added value of this study

Here, we established a model of demyelinating brain diseases
in the minipig by developing a platform for Minipig
Stereotactic White-matter Injection using Navigation by
Electromagnetism (MiniSWINE). Specifically, to overcome the
neuroanatomical challenges of stereotactic injection in the pig
brain, we designed an electromagnetic-guided tracking
system whose key advantage is the direct and in situ
measurement of the position of the injection cannula tip.

Introduction

Inflammatory demyelinating diseases of the central
nervous system (CNS), including multiple sclerosis
(MS), neuromyelitis optica (NMO), acute disseminated
encephalomyelitis (ADEM) or MOG-antibody-associated
disease (MOGAD), represent the most common non-
traumatic causes of disability in young adults, afflict-
ing more than 2.5 million people worldwide.' Magnetic
resonance imaging (MRI) allows for assessing brain and
spinal cord lesions in these diseases and thus has
become an essential tool for clinical care. However, it
still is not fully understood which MRI signatures relate
to which histopathological stage of lesion evolution,
such as the critical transition from demyelination to
remyelination.” Refining the imaging readout for
remyelination in early clinical trials is one of the main
challenges limiting the development of remyelinating
therapies for MS.* While rodent models of demyelin-
ating CNS disorders would be logistically convenient to
devise novel diagnostic MRI- and positron emission
tomography (PET)-techniques, these models are not
optimal for immediate translation because of the small
size, relatively low white matter (WM) content and the
lissencephalic nature of their brains, as well as due to

Moreover, we validated the platform and characterised the
minipig model using clinically relevant neuroimaging and
microscopy tools and by comparison with EM data from
biopsies obtained from patients with inflammatory
demyelinating diseases. Notably, we performed this
characterisation at different disease stages, reflecting
successive stages of de- and remyelination. The remyelination
dynamics inferred in this study exhibited incomplete
remyelination at the latest such stage (subacute), with
persistent astroglial and microglial activation and a minor
degree of secondary axonal degeneration.

Implications of all the available evidence

The MiniSWINE model combines well-established
demyelination-induction methods from rodent models of
CNS demyelinating diseases and clinically relevant human
neuroimaging tools. It provides a platform for the potential
development of diagnostic procedures, the discovery of
imaging biomarkers and the testing of remyelinating agents
in diseases such as MS. Additionally, our electromagnetic-
guided injection technique may enhance stereotactic
substance delivery in human neurosurgery.

genomic and proteomic discrepancies between rodents
and humans.**

An animal model with larger brain size and neuro-
anatomic features closer to humans would not have
such limitations. Moreover, a model would be optimal
if, throughout successive stages of lesions, de- and
remyelination could be detected with the same diag-
nostic protocols and, ideally, devices as in human clin-
ical settings. Here, we report such a model based on
refined stereotactic microinjection of lysophosphati-
dylcholine (LPC) into the cerebral WM of minipigs.
Minipigs are not a distinct pig species from the larger,
landrace swine but a variety of breeds that have been
selected to be reduced in size and constitute some of the
smallest known domestic swine (Sus scrofa domesticus).”
Pigs are increasingly used for biomedical research, for
instance, in xenotransplantation or testing of human
therapeutic antibodies.*"* Neurological diseases that
have already been modelled in the minipig subspecies
include Parkinson’s disease, Huntington’s disease and
experimental autoimmune encephalomyelitis (EAE)."""

Temporally and spatially controlled LPC microinjec-
tions induce sequential de- and remyelination at pre-
determined locations in rodents.”** Such control can
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minimise neurological deficits and ethical constraints
for CNS demyelinating disease modelling—including in
pigs. Also, LPC and ethidium bromide-induced demy-
elination have been proven to lead to signs compatible
with demyelination in the cerebral WM of large, do-
mestic landrace pigs”® and demonstrated demyelination
in the rabbit cerebral WM'® and the non-human primate
(macaque) optic nerve.”” However, there is considerable
heterogeneity in the reported timelines of myelin-
related events across species, ranging from reports of
relatively quick demyelination (i.e., ensuing within
30 min and reaching full extent within four days' and
complete remyelination without evidence of substantial
axonal damage within 5-6 weeks in the case of rodent
models),””?' to persistent demyelination conducive of
axonal degeneration even eight weeks after LPC injec-
tion in the macaque optic nerve."” Interspecies differ-
ences such as the degree of collateral inflammation, the
efficiency of lesion repopulation by oligodendrocyte
progenitor cells (OPC), lesion volume, and reduction in
oligodendroglial support to axons have all been postu-
lated to contribute to the wide range of myelination and
neurodegeneration responses.” Recently, a study of
focal WM lesions in marmoset EAE showed sensitive
and specific detection of remyelination using a 7T
multisequence MRI. However, it used validation via
immunohistochemistry (IHC) and not electron micro-
scopy (EM), which could over/underestimate the extent
of remyelination.”” All-in-all, there is still unclarity as to
the proportion in which canonical MRI sequences can
reliably track de- and remyelination in large animal
models of CNS pathology, pending validation, ideally via
ultrastructural analysis, to assess whether they more
accurately model human disease.

For systematic and reliable placement of demyelin-
ating lesions in the CNS of minipigs, we used
computer-assisted navigation (CAN) and convection-
enhanced delivery (CED), allowing for sufficient LPC
penetration regardless of injection depth inside the tis-
sue. CAN technologies that rely on electromagnetic
tracking systems” (EMTS) avoid imprecision due to
instrument bending during surgery since they derive
the position and orientation of the instrument by
measuring currents induced by an electromagnetic field
using sensors at the instrument’s tip rather than by
extrapolation from imaging the shaft, as in optical
tracking systems (OTS). The essential advantage of the
EMTS we designed, compared to current techniques
used in human neurosurgery, is its full compatibility
with bendable instruments because, in addition to pre-
cisely measuring the tip position, the shape of the bend
can also be detected, and undesirable deformations
rectified.

Using these neurosurgical innovations, we report
here an EMTS platform for Minipig Stereotactic White-
matter Injection using Navigation by Electromagnetism
(MiniSWINE), which enables precise spatiotemporally

www.thelancet.com Vol 100 February, 2024

controlled induction of demyelinating lesions in the
minipig brain. We characterise and validate the mini-
pig brain model of demyelinating diseases via longi-
tudinal follow-up using diagnostic MRI protocols from
human neuroradiology, ''C-PIB-PET, and neuro-
histopathology, as well as by comparison with Dbi-
opsies from patients with inflammatory demyelinating
diseases by electron microscopy.

Methods

Ethics

The animal study complied with the EU Directive 2010/
63/EU for animal experiments and the German Animal
Welfare Act. The Ethics Committee for Animal Experi-
ments of the Government of Upper Bavaria, Munich,
Germany, approved all animal procedures (Reference
number ROB 55.2-2532.Vet_02-18-82). Since we aimed
at inducing clinically unapparent lesions, the emergence
of neurological deficits in the animals represented a
humane endpoint. Regarding patient biopsies, written
informed consent was obtained from each participant
treated in the Department of Neurology, Klinikum
rechts der Isar, Technical University of Munich, Ger-
many. Samples were collected as part of the de-
partment’s biobank project, which pertains to the Joint
Biobank Munich in the framework of the German Bio-
bank Nodes.

Animals

A total of 9 young, healthy adult Aachen minipigs*
(aged 19 + 1 months at entry in the experiment, with
a life expectancy of 15-20 years), weighing
60.2 £ 2.32 kg (3 males and 6 females) were used in this
study. The animals were fed rationed feed rich in crude
fibre. Water was provided ad libitum. We housed ani-
mals together, at least in pairs. Before the start of the
study and daily after the beginning of the experiment,
each animal was given a clinical examination by a
veterinarian. The minipigs were acclimatised to the
study procedures for at least two weeks.

From the total possible number of 108 lesions of a
particular stage in our 9 animals, 28 lesions dropped out
due to premature experiment termination when
neurological deficits appeared. Furthermore, we
excluded from the analysis lesions with a volume of
intracerebral haemorrhage higher than 100 mm’
ending up with 60 lesions suitable for analysis
(Supplementary Figure S1).

Human samples

Patient A (acute, aHum), a 19-year-old female, needed a
diagnostic stereotactic biopsy from the clinically mani-
fest cerebellar white matter lesion and was later diag-
nosed with relapsing-remitting MS. Patient S (subacute,
sHum), a 68-year-old male, had a diagnostic stereotactic
biopsy from the right parietal subcortical white matter
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ascertaining the diagnosis of ADEM at a subacute stage.
The tissue probe was taken after an initial positive
response to ex juvantibus immunosuppressive therapy
(1 g methylprednisolone intravenously per day over five
days), providing time for incipient remyelination of the
biopsied plaque.

Experimental timeline

At an interval of 10 + 3 days before the first surgery,
we performed an initial CT and Gd-enhanced MRI
scan under general anaesthesia to aid subsequent
surgeries and injection trajectory planning. Next,
three pairs of stereotactic injections were performed
in the cerebral WM. Each couple of injections was
separated by 10 + 3 days, targeting distinct bilateral
symmetric localisations. On the same day as the 2nd
pair of injections, within an hour from the end of the
surgery, as well as 10 = 3 days after the 3rd injection,
we performed PET-MRI scans (Fig. 1a). The MRI
scans primarily allowed for longitudinal follow-up of
lesions over acute (10 days post-induction, dpi), in-
termediate (20 dpi) and subacute stages (30 dpi) and
were performed according to standard sequence pro-
tocols recommended in the diagnosis of MS. The
rationale for 10 = 3 days between imaging sessions
was grounded in data regarding de- and remyelination
latencies from studies of large-animal demyelination
models.””""” The variability of the interscan intervals
was mainly conditioned by scanner availability due to
parallel use for humans in a clinical setting. The
longitudinal PET scans were performed in the acute
and subacute stages using ''C-labeled Pittsburgh
compound B (*'C-PiB) to allow for assessment of the
degree of myelination of the lesions. Euthanasia and
brain dissection were performed between one and
seven days after the last imaging procedure. Note that
due to the use of the radioactive ''C-PiB tracer,
dissection could not have been safely performed
immediately after imaging.

Preparatory imaging

CT scans were performed on a Siemens Symbia T6
scanner without contrast medium or intravenous
contrast material. They were essential for planning the
surgical trajectory through the skull and the wide frontal
sinuses of the minipigs. CT-image data were acquired in
helical mode with a peak tube voltage of 130 kVp and a
slice thickness of 1.25 mm. To avoid injuring macro-
scopical arterial and venous blood vessels during in-
jections, and because the risk of injury would be
insufficiently detected with the CT scans only, we per-
formed an intravenous contrast medium—enhanced
MRI (Gd-MRI), undertaken using a field strength of
3T (Siemens Biograph mMR) and consisting of contig-
uous 0.5 mm T1 and 0.8 mm MPRAGE (Gd) sequences
of a volume which included the skull and the whole
snout of the animal (Fig. 1a and c).

Lysophosphatidylcholine preparation

Lyophilised lysophosphatidylcholine (Fig. 1b) in powder
formulation (LPC, Sigma Aldrich) was dissolved in iso-
osmolar phosphate-buffered saline (PBS) at 40 °C
achieving a concentration of 20 mg/ml. The solution
was aliquoted and stored at —20 °C, then thawed before
use. As a control, we used sterile PBS.

Injection system

To achieve efficient (reflux-free) and precisely placed
and dosed convection-enhanced delivery (CED)* of
LPC or PBS, we designed an electromagnetic tracking
system (described in a subsequent section) with a
compatible cannula (Fig. 2a and b). The cannula had
a rounded tip, was made of stainless steel and featured
a 3D-printed biocompatible Luer-Lock fitting (Fig. 2c
and d). It had an outer diameter of 2.0 mm, an inner
diameter of 0.85 mm, and a total length of 250 mm and
was designed to accommodate 20 G epidural catheters
(Braun Perifix, Germany). To track and visualise the
cannula via the navigation system, we inserted a sensor
wire, designed and manufactured by us, into the can-
nula and connected it to the Luer-Lock fitting (Fig. 2b
and c). The sensor wire had a diameter of 0.8 mm and
was inserted about 1 mm short of the tip of the
cannula.

The injection cannula and the sensor wire were
inserted with the aid of the robotic system mounted on
the guide sleeve and controlled via a joystick by the
operator. The robot was connected to the navigation
system, receiving positional data to stop the injection
cannula when the desired injection depth was reached.
To minimise mechanical damage to the tissue at the
injection site, we employed a 20 G epidural catheter that
protruded around 3-5 mm from the tip of the cannula.
In this way, we achieved a telescopic profile at the
tissue-cannula interface, which has been shown to
minimise reagent reflux*® (Fig. 2d and e; Supplementary
Video S1). 250 pl of LPC (intervention hemisphere) or
PBS (control hemisphere) were injected over 50 min
(5 pl/min) using a Harvard microinjector (Harvard
Pump 11 Elite, Harvard Apparatus, USA). The injection
cannula was then maintained in place for 10 min after
complete reagent delivery (total tissue insertion time
60 min) (Fig. 2f). The slow injection rate was necessary
to allow for diffusion in the cerebral parenchyma and to
avoid significant reflux of reagent.”

Navigation system
The navigation software we developed (Drug Delivery
V6.3.1) supported importing and fusing the CT and
MRI data, planning trajectories and entry points, surface
registration and real-time visualisation of instruments/
cannulas in canonical planes, and 3D segmentations.
The navigation system that we designed and fabri-
cated consisted of a processing unit/panel PC running
our navigation software, which was connected to an
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Fig. 1: MiniSWINE methodology overview. a) Demyelination induction and remyelination follow-up timeline (d = days). Timepoint "0": baseline
imaging using CT and Gd-MRI. Timepoints "10-20-30 days post-injection": every ten days induction of a new demyelinating lesion at a distinct
localisation in the centrum semiovale and follow-up of the previous lesions. Gradient colour schematic reflects successive de- and remyelination
stages. SEM = scanning electron microscopy. b) LPC chemical formula; R*, R® = variable fatty acid chains. c) Overview photographs and photo-
micrographs of successive stages of MiniSWINE. White blurring obscures content with potentially strong emotional impact. The scale bar in insets
"MRI imaging", ""'C-PIB-PET imaging", and "Histology pipeline" is 25 mm, and the scale bar in inset "SEM pipeline" is 2.5 pm.

EMTS = electromagnetic tracking system.

electromagnetic tracking unit, ETU (Fig. 2a). In its
electromagnetic field, the position and orientation of
instruments with integrated sensors connected to the
ETU could be measured once a registration process was
completed. The registration required a reference point
with a fixed position relative to the minipig’s head, for
which we firmly attached a reference tracker to the head
via the holding arm (Fig. 2b). The registration itself was
based on surface matching, where the system measured
the tip of a navigation probe with which the operator
touched salient surface features of the minipig head,
that were then matched to the image data by our soft-
ware (Supplementary Video S2). This surface matching
took 15 + 0.1 s in vitro (for 110 points) and 96 + 4.4 s
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in vivo (for 482 points), thus not significantly impacting
surgical time.

To guide the drill and the injection cannula, we
attached a guide sleeve to another holding arm, which
carried a sleeve tracker for precise alignment. The guide
sleeve with its 6 degrees of freedom (DoF) tracker
(Fig. 2b) was positioned by the holding arm attached to
the Mayfield clamp supporting the head of the minipig.
A custom-made cannula with a Luer-Lock fitting was
fabricated. For navigating the cannula, we fabricated a
so-called sensor-wire, a superelastic nickel-titanium
alloy wire with a 5 DoF sensor in the tip, which could
be inserted into the cannula and attached via the Luer-
Lock fitting (Fig. 2c).
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Fig. 2: MiniSWINE: electromagnetic-tracking system (EMTS) and surgical procedure. a) MiniSWINE setup for EMTS. b) The reference tracker
was rigidly attached to the minipig forehead. The tracked guide sleeve was essential for the precise alignment of the drill. ¢) Cannula assembly.
The CED cannula was trackable as long as it contained the sensor wire. Once on target, the wire was replaced with the single-use 20G epidural
catheter. d) Sequential cannula development, cannula tip profiles, and empirical spread functions of CED in 0.2%-0.6% agarose gel. Evolution
from a modified human brain biopsy cannula with a side-opening near the tip (far left) up to our definitive "telescopic" design (far right) with a
round bevelled edge. Notice the near-ideal spherical spread function of the latter. ) Injection "hands-on" robotic system assembly consisting of
a control unit and a small robot for the controlled and tracked insertion of the cannula. f) MiniSWINE software in operator view, 1st row and
corresponding surgical overview, 2nd row. White dotted circles in 1st row mark system feedback to the operator. White blurring obscures
content with potential emotional impact. g) Mean in vitro deviations from the target in a phantom test of 0.23 + 0.03 mm (n = 25 trials). h)
Scatterplot of 3D deviations from target in vivo in all 3D planes; black "target" set in the common origin of the coordinate system. i) Mean
in vivo deviations from the target by study group: no significant difference between acute LPC lesions (1.24 + 0.5 mm, n = 8) and acute CTRL
lesions (1.83 + 0.5 mm, n = 8), 1-way ANOVA with df = 1, F = 0.71, p = 0.41.
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The sensor wire also measures the bending and de-
fects of the cannula. The sensor clip helps to align the
guide sleeve with the planned trajectory and entry point.
The medical robot controls the insertion of the cannula
along the trajectory. A reference tracker is rigidly
attached to the subject’s head to provide a fixed refer-
ence point for navigation. The navigation software dis-
plays the imaging data, the 3D model of the brain, and
the feedback on the cannula position and orientation on
a screen during the surgery. The navigation system
works as follows:

« Before the surgery, the navigation software imports
and fuses the CT and MRI data of the subject’s
brain.

 The navigation software allows the planning of the
injection trajectories and entry points based on the
imaging data and the 3D model of the brain.

« During the surgery, the reference tracker is attached
to the subject’s head, and the electromagnetic field
generator is positioned near the head.

« Using a probe connected to the electromagnetic field
generator, the navigation software registers the
subject’s head surface and landmarks, such as the
nasal ridge, frontal bone, zygomatic arcades, and
mandibular joints.

« The sensor clip is attached to the guide sleeve, and

the sensor wire is inserted into the cannula. The

sensor clip and wire are connected to the electro-
magnetic field generator.

The navigation software tracks the position and

orientation of the sensor clip and wire. It visualises

both on the screen relative to the imaging data and
the 3D model of the brain.

The sensor clip is used to align the guide sleeve with

the planned trajectory and entry point under the

guidance of the navigation software.

The medical robot controls the insertion of the can-

nula along the trajectory. At the same time, the

navigation software provides real-time feedback on
the cannula’s position and orientation and detects
any bending or defects of the cannula.

Surgical procedure

The basic anaesthesia regime for both surgeries and
imaging included sedation by combining ketamine
15 mg/kg body weight (bw), azaperone 2 mg/kg bw and
atropine 0.1 mg/kg bw intramuscularly. An intravenous
catheter was placed in the lateral auricular vein. Induc-
tion of anaesthesia was performed by infusing propofol
(ca. 4-8 mg/kg bw titrated to effect) intravenously (IV) to
achieve an adequate depth of anaesthesia for oral intu-
bation with a 5-7 mm cuffed endotracheal tube.
Anaesthesia was maintained by a continuous IV infu-
sion of propofol 2% (ca. 2.5-7 mg/kg bw/h). Minipigs
were mechanically ventilated in volume-controlled mode
and oxygenated with 1-2 L O,/min, mixed with 1 L
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atmospheric air/min. Tidal volumes (ca. 10 ml/kg) and
breathing rate (ca. 12/min) were adapted to the end-tidal
CO,. Positive end-expiratory pressure (PEEP) was kept
at 5 mmHg. Saline was infused IV at a maintenance rate
of ~10 ml/kg/hour. Intraoperative monitoring included
reflex status, heart rate, peripheral arterial oxygen satu-
ration (SpO,), end-tidal carbon dioxide (ET-CO,) and
body temperature using an electrocardiogram, pulse
oximeter, and rectal thermometer. External warme-air
supply was provided. A single-shot Cefuroxim IV
(500-750 mg) was administered before the skin inci-
sion. For multimodal analgesia during the surgery,
metamizole (50 mg/kg bw), carprofen (4 mg/kg bw) and
fentanyl-boluses (0.001-0.01 mg/kg bw) were adminis-
tered IV every 20-30 min. For the imaging procedure, a
second peripheral venous catheter was placed into the
antebrachial or cephalic vein to administer the radioac-
tive tracer.

Minipigs’ heads were positioned and fixed in a
Mayfield clamp (Pro Med Instruments, Freiburg, Ger-
many), then shaved and disinfected at the operative situs
(Fig. 2a and ). Using the tracker, the surface of the skull
was registered and thus digitally superimposed on the
planning imaging dataset (a fusion between CT and
MRI) (Supplementary Video S2). The trackable guide
sleeve was aligned to the planned trajectory and fixed in
place. A 2.6 mm-wide burr hole trepanation was drilled
through the lamina externa and interna of the frontal
bone until the dura mater (haptic loss of resistance) was
reached (Fig. 2f, Supplementary Video S3).

Then, a medical robot was attached at the entry of the
guide sleeve, and the injection cannula and the sensor
wire were inserted manually into the robot and the
guide sleeve. With the navigation system’s feedback, the
robot inserted the cannula into the brain and stopped
automatically when the intended intraparenchymal
target was reached (Supplementary Video S2). Finally,
the sensor wire was removed and replaced with the 20 G
epidural catheter, through which, after connection to the
Harvard microinjection pump, LPC or PBS was infused.

We aimed the three successive LPC/PBS injections
in the same minipig brain to be at least 5 mm apart
along a rostrocaudal axis in the centrum semiovale of
both hemispheres. The mean injection coordinates,
subsequently assessed based on MRI data, computed
with the vertex as a reference were: —2.8 + 0.7 mm and
13.2 + 2.2 mm in the axial plane (intervention and
control), —3.6 + 1.7 mm in the coronal plane and, for the
first pair of injections: —=53.1 + 1.8 mm, the second pair
of injections: —41.9 + 0.6 mm, and the third pair of in-
jections: 35.62 + 1.1 mm in the sagittal plane. After
injection, the incision was sutured. The total surgical
time amounted to approximately 3 h, from which
approximately 30 min were required to fix the head in
the Mayfield clamp and for navigation and 2 h for in-
jection time. Postoperative analgesia was administered
as daily carprofen per os or intramuscular (4 mg/kg bw)
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over five days, as well as buprenorphine IM
(0.01-0.1 mg/kg bw) for three days. Antibiosis was
maintained in parallel with daily amoxicillin PO or IM
(15 mg/kg bw). Veterinarian observations were per-
formed once daily for the entire experimental duration
to ascertain that the animals did not develop any signs of
neurological deficits due to the intracerebral injections.

Longitudinal MRI imaging

Minipigs were placed in a 3.0 T Siemens Biograph mMR
(Siemens, Germany) with the head fixed in a standard
cage head coil. In agreement with the 2021 MAGNIMS
consortium?” recommendations on the use of MRI in
patients with MS and the 2017 McDonald criteria* for the
diagnosis of MS, we performed sagittal 3D T2-weighted
(1.5 mm slice thickness, echo time = 107 ms, repetition
time = 4220 ms), sagittal and axial isotropic 3D T2FLAIR
(1 mm slice thickness, echo time = 393 ms, repetition
time = 6000 ms, inversion time = 1800 ms), T1-weighted
post-contrast/T1Gd (contrast medium: Gd, Dotagraf,
0.5 mmol/ml, 2 mm slice thickness, echo time = 2.84 ms,
repetition time = 250 ms), T1-weighted magnetisation-
prepared rapid acquisition with gradient echo (MP-
RAGE)” (1 mm slice thickness, echo time = 3.13 ms,
repetition time = 1920 ms, inversion time = 999 ms),
double-inversion recovery for detecting potential juxta-
cortical lesion extensions (DIR, 1 mm slice thickness,
echo time = 318 ms, inversion time = 3000 ms, repetition
time = 7500 ms), and T1-weighted "black-blood" (slice
thickness = 0.5 mm, echo time = 11 ms, repetition
time = 1070 ms). To the MRI scan protocol derived from
the MAGNIMS criteria, we added SWI (susceptibility-
weighted imaging, slice thickness = 9.6 mm, echo
time = 20 ms, repetition time = 28 ms) sequences, which
are particularly sensitive to iron content from venous
blood and haemorrhage to ascertain that tissue changes
after LPC/CTRL-injections are not due to injection-
induced bleeding.

MRI image analysis
The images were processed with the MITK Workbench
v2018.04.2 software (https://www.mitk.org) using its 3D
segmentation toolbox. Regions of interest (ROIs) were
semi-automatically segmented in T2FLAIR, T1Gd and
SW1I sequences, and their volumes (in mm?®), excluding
the injection trajectory path, were quantified. Volumes
from the LPC injection site were compared to the
contralateral PBS injection. Deviations from the lesion
targets were determined via automatic superposition of
CT and MRI data obtained at baseline and after injec-
tion, from which the mean superposition imprecision
between the CT and MRI datasets was subtracted. The
superposition imprecision was determined at the
midpoint of the sphenoid bone ridge, reliably identifi-
able in CT and T1 MRIL.

As SWI hyperintensity might correspond to micro-
haemorrhage along the injection trajectory as seen in

patients referred for neurosurgery, we excluded from
the analysis lesions with a volume of SWI hyperintensity
higher than 100 mm?, a threshold based on the calcu-
lation of the volume (V = 7z x r’x h) of the lumen of
the cannula (inner diameter = 0.8 mm = 2 x r;
length = 250 mm = h). For every lesion, we calculated
the volume after segmentation in the T2FLAIR se-
quences and derived the diameter of a sphere of equal
volume.

Longitudinal PET imaging

To the standardised MRI protocols, we added a diagnostic
method under development, with potential for the spe-
cific quantification of de- and remyelination in vivo and,
therefore, evaluation of future remyelinating treatments,
which is PET employing WM-binding tracers, such as the
thioflavin-T  derivative  2-(40-methylaminophenyl)-6-
hydroxybenzothiazole (Pittsburgh compound B, PIB),
pioneered in a proof-of-concept study on two patients
with MS.”" We produced it according to standard pro-
tocols.”>** Animals were injected through an intravenous
catheter placed in the lateral auricular vein with approx-
imately 370 MBq of ''C-PIB. Between 45- and 60 min
post-injection, a 15-min list-mode scan was acquired in
3D mode on a Siemens Biograph mMR scanner. Emis-
sion sinograms were reconstructed using ordered subset
expectation maximisation (OSEM), corrected for attenu-
ation, scatter, randoms, dead time, and radioactivity decay
and smoothed using a Gaussian kernel. Mean stand-
ardised uptake values (SUV) were calculated by area-
weighted averaging and compared between the LPC
and PBS injection sides using the software Weasis v.3.8.1
(https://nroduit.github.io/en/) after a  slice-by-slice
manual delineation of the lesion volumes in the over-
lapped PET/MRI datasets.

Histopathology and immunohistochemistry

We performed histopathology and immunohistochem-
istry on the brains of animals that were euthanised by
pentobarbital overdose in deep anaesthesia, 49 + 7 days
after the initial pair of intracerebral injections. We fixed
the dissected brains in 4% PFA at 4 °C for 60 days by
submersion and embedded them in paraffin wax ac-
cording to previously published procedures.” We cut
the cooled (4 °C) paraffin blocks in coronal orientation
at 4-5 pm thickness using a semiautomated rotary
microtome (Leica, Germany) and mounted the sections
on slides.

For histopathological staining, we rehydrated the
sections by incubating them in decreasing ethanol
concentrations, from 100% to water. We performed
antigen retrieval in antigen retrieval buffer solutions
(Biolegend) for 15-20 mins at 90 °C. We stained the
sections with Luxol fast blue (LFB, Kliiver-Barrera)—
periodic acid-Schiff (PAS) or haematoxylin and eosin
(H&E). For LFB-PAS staining, we incubated the sections
in an LFB solution for 6 h at 56 °C and differentiated
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them in 0.05% lithium carbonate. We then incubated
them in Schiff's Reagent (Sigma) for 15 min at room
temperature (16-25 °C) and counterstained them with
haematoxylin solution, Gill No. 3 (Sigma-Aldrich), for
90 s. For H&E staining, we counterstained the sections
with haematoxylin for 5 min and eosin for 1 min. We
cleared the sections with xylene and mounted them with
mounting media.

For chromogenic immunochemistry, we cut 2 pm
thick slides with a standard microtome and dried them
at 76 °C for 30 min. We used a fully automated staining
system (BOND-III; Leica Biosystems, UK) to perform
immunostaining for glial fibrillary acidic protein
(GFAP), ionised calcium-binding adaptor molecule 1
(Ibal), oligodendrocyte transcription factor 2 (Olig2),
neuronal nuclear antigen (NeuN), cluster of differen-
tiation 3 (CD3) and cluster of differentiation 68, CD68.
The system used the BOND Polymer Refine Detection
Kit (Leica Biosystems, UK) for antibody detection and
counterstaining, which contains a post-primary IgG
linker reagent and a poly-HRP IgG reagent for the
localization of mouse and rabbit antibodies, respec-
tively. The system also utilizes a polymerization tech-
nology to prepare polymeric HRP-linker antibody
conjugates. We pretreated the slides in pH 8.4 buffer
for heat-induced antigen retrieval and in 3% H,0, to
inhibit endogenous peroxidase for 10 min. We then
incubated the slides with the following primary anti-
bodies: anti-GFAP (monoclonal, rabbit, dilution 1:500;
Cell Marque, Rocklin, CALIF, USA), anti-Ibal (poly-
clonal, mouse, dilution 1:1000; Fujifilm Wako, Japan),
anti-Olig2 (monoclonal, mouse, ready to use; Cell
Marque, Rocklin, CALIF, USA), anti-NeuN (mono-
clonal, mouse, dilution 1:1000; Cell Marque, Rocklin,
CALIF, USA), anti-CD3 (monoclonal, rabbit, ready to
use; Roche, Switzerland), or anti-CD68 (monoclonal,
mouse, dilution 1:200; Cell Marque, Rocklin, CALIF,
USA).

For immunofluorescence, we deparaffinised and
rehydrated the slices by immersing them in xylene and
a series of solutions of decreasing ethanol concentra-
tions. We performed antigen retrieval with the All-
Antigen Unmasking Kit (Bio Legend) following the
manufacturer’s protocol. We blocked the sections with
5% goat serum for 2 h at room temperature. We then
incubated them overnight with primary antibodies
against GFAP (Cat#13-0300, ThermoFisher), MOG
(Cat#MAB5622, Merck Millipore) and NFH
(Cat#AB5539, Merck Millipore). We incubated the
slides in secondary antibodies at room temperature for
1 h. We used Alexa Fluor 555 nm labelled goat
anti-mouse secondary antibody (Cat#A28180, Ther-
moFisher) against MOG, Alexa Fluor 488 nm labelled
goat anti-rat secondary antibody (Cat#A11006, Ther-
moFisher) against GFAP and Alexa fluor 488 nm
labelled goat anti-chicken secondary antibody
(Cat#A11039, ThermoFisher) against NFH, all at a
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dilution of 1:200. We mounted the sections with Pro-
long Gold Antifade mounting media with DAPI (Invi-
trogen), examined them under a confocal microscope
(Olympus FV1000), and scanned them using Olympus
Fluoview Software.

We examined the slides from histopathology and
chromogenic immunohistochemistry under a bright field
microscope (Leica, Germany) and scanned them using a
microscope-mounted camera. We uploaded the images to
the PathoZoom Slide Cloud (https://www.pathozoom.
com/) and processed them using Fiji Image] (https://
imagej.net/software/fiji/).*> We quantified the demyelin-
ation areas in the LFB-stained slides and compared them
between the intervention (LPC) and control (PBS) study
groups from lesions of the same stage. We also quanti-
fied the cell densities of Olig2+, NeuN+ and CD3+ per
300 x 300 pm? ROI, and the proportions of astrocytes and
microglia per 1 x 1 mm? ROI, in the immunohisto-
chemistry slides. We did not quantify the CD68 staining
due to the low signal-to-noise ratio, which we attributed
to species cross-reactivity.

We calculated the demyelination areas by manually
tracing each section obtained per lesion using Image |
and summing the areas across sections. We used the
following formula’***:

n
A, = ZO',-
i=1

here, A; represents the area of lesion k, n is the number
of sections obtained for lesion k, and o is the cross-
section area in mm” of section i. We did not compute
the volumes because multiplying the slice thickness and
the section-by-section area would not provide any addi-
tional information (a derivative of a constant is null) but
could introduce measurement errors due to variations
in slice thickness or sampling.

Electron microscopy

Minipig brain, as well as human biopsy tissue used for
the scanning electron microscopy (SEM) experiment,
was immersed directly after dissection in fixative so-
lution (2.5% glutaraldehyde, 4% paraformaldehyde in
phosphate buffer, 2 mM calcium chloride, 0.1 mM
cacodylate buffer). After fixation for 48 h at 4 °C, the
lesion areas (intervention or control, same lesion stage)
were washed in 0.1 M cacodylate buffer and dissected.
We applied a standard reduced osmium-
thiocarbohydrazide-osmium (rOTO) protocol en bloc
staining®® including postfixation in 2% osmium te-
troxide (Science Services), 1.5% potassium ferricyanide
(Science Services) in 0.1 M sodium cacodylate (Science
Services) buffer (pH 7.4). Staining was enhanced by
reaction with 1% thiocarbohydrazide (Sigma) for
45 min at 40 °C. The tissue was washed in water and
incubated in 2% aqueous osmium tetroxide, washed
and contrasted by overnight incubation in 1% aqueous
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uranyl acetate at 4 °C and 2 h at 50 °C. Samples were
dehydrated in an ascending ethanol series and infil-
trated with LX112 (LADD). SEM was performed on
100 nm thick sections collected onto carbon nanotube
tape (Science Services) and mounted onto a silicon
wafer (Microchemicals). EM micrographs were ac-
quired on a Crossbeam Gemini 340 SEM (Zeiss) with a
four-quadrant backscatter detector at 8 kV. In ATLASS5
Array Tomography (Fibics), wafer overview images
(1.5 pm/pixel), as well as medium (200 nm/pixel) and
high (10-20 nm/pixel) resolution images, were ac-
quired. Images were processed using the Fiji software,
and a manual assessment of the degree of myelination
in SEM images was made using the g-ratio, the ratio of
the inner diameter of an axon to the outer diameter
of the myelinated fibre.* Quantification was performed
on 10-20 nm/pixel resolution images for the pre-
sence/absence of (myelinated) axons per area. We
counted 1499 axons in the minipig subcortical WM
across all disease stages and 1614 axons in the human
samples.

Statistics

A minimal number of minipigs and induced lesions
was predetermined by statistical power analysis.
Considering a previously described intraindividual cor-
relation of * = 0.85 between imaging and tissue analysis
in a rodent study,” we needed at least 3 animals with at
least 3 x 3 = 9 samples for a two-sided statistical sig-
nificance level of 5% (« = 0.05). This number increases
to 6, considering a drop-out rate of 50% described in the
literature in large-animal studies.” Because of the
repeated lesions in the same animals that were longi-
tudinally followed up, we collected data from n = 22
lesions in 8 animals in the acute stage, from n = 12
lesions in 6 animals in the intermediate stage and n =6
lesions in 5 animals in the subacute stage. The spatial
and temporal separation of lesions allowed them to be
regarded as independent statistical units. Statistical
analysis was performed using the open-source software
R (https://www.R-project.org/, version 4.1.0) and R
Studio (version 1.4.1717). Data were tested for normality
and equality of variance using the Shapiro-Wilk test
and, respectively, the Bartlett test. If the data passed
normality and homoscedasticity criteria, we performed
one-way repeated-measures ANOVA tests with Bonfer-
roni adjustments for multiple comparisons. If they did
not, we performed the Kruskal-Wallis test with Dunn’s
multiple comparisons test. All statistical tests were two-
sided and carried out to a significance level of p < 0.05.
If not stated otherwise, reported values represent
mean =+ s.e.m.

Role of funders

Funders had no role in study design, data collection and
analysis, interpretation of the data, or the reporting of
the study.

Results

For the MiniSWINE methodology (Fig. 1a), we resorted
to stereotactic microinjection of LPC (Fig. 1b) for
optimal spatiotemporal control. We chose EMTS
(Figs. 1c and 2a) over OTS, as EMTS does not require a
visual axis (i.e., line-of-sight). Moreover, as EMTS does
not rely on direct visualisation, handling the navigated
drill guide on small surfaces such as the porcine fore-
head is easier. Finally, with EMTS navigation, the
porcine head positioning in the clamp holder does not
have to be adjusted intraoperatively.

Accuracy of the stereotactic navigation system
We empirically determined which cannula tip profile
resulted in the optimal spread patterns of the injected
substance by in vitro injections into 0.2% or 0.6%
agarose gels (which have been described to imitate the
consistency of the mammalian brain).*** We tested
volumes and infusion rates compatible with CED,* i.e.,
250 pl at 5 pl/min. Known problems of the standard
needle profiles used in stereotactic biopsy needles,
which have a bevel or side aperture near the tip, are
backflow and an elongated spread pattern along the
needle tip. It has been shown that backflow can be
influenced by the consistency and the profile of the
needle tip.* Therefore, we custom-designed an auto-
clavable cannula with an outer diameter of 2 mm and a
rounded tip (Fig. 2c), minimising haemorrhage risk. A
standard single-use 20G silicon epidural catheter
(0.85 mm outer diameter) could be inserted through
this needle, replacing the sensor wire to protrude
3-5 mm from the tip. In this way, the needle tip was soft
and exhibited a step profile, which has been described to
minimise backflow issues.” Consequently, the spread
functions reached elliptical/almost spherical shapes of
at least 5 mm radius, which was the minimal spatial
resolution of the PET scanner (Fig. 2d).

We developed a "hands-on" robotic system consist-
ing of a control unit and a small robot for the navigated
insertion of the cannula (Fig. 2e). The control unit was
connected to the navigation system. It could be mounted
on any operating table. The control unit had a joystick
and a safety button to control the robot by navigation or
hand, preventing unintentional activation. The robot
was, in turn, connected to the control unit and could be
mounted on the guided sleeve. It had two steel shafts
with sterilisable silicone covers for inserting the navi-
gated cannula into the brain via the guided sleeve. Only
one of these shafts was motor-driven, so manual inser-
tion or removal of the cannula was possible at any time.

Care was also taken to optimise the flow of the
EMTS-assisted surgical procedure by quickly providing
the essential visual feedback via our software in corre-
spondence with the haptics sensed by the surgeon. After
registration of the minipig head, we could visualise
trackable instruments relative to the brain in pre-
surgical CT and MRI image data in real-time in the
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three orthogonal planes (axial, coronal, sagittal) and 3D
segmentations. In addition, the software showed the
remaining distance of the cannula’s tip to the target. The
trajectory planning could be done in the planning tool
integrated into the navigation software or separately on a
laptop or PC with the navigation software installed. To
confirm registration accuracy, the surgeon touched the
anatomical landmarks of the head with the probe’s tip
and checked the visualised position, revealing a regis-
tration error of 0.55 = 0.01 mm in vitro and
0.87 + 0.013 mm in vivo. To control the movement and
insertion depth of the navigated cannula, the cannula
was inserted into the guide sleeve and thus into the
brain by the "hands-on" robotic system or manually by
the surgeon. For the automatic insertion, the robot was
also mounted to the sleeve and could move the cannula
via its motor-driven shaft with a speed of 11 mm/s and a
movement resolution of <0.1 mm. The surgeon could
control the robotic system via the navigation software,
which provided visual feedback of the remaining dis-
tance to the target on a screen for the operator and
stopped the robot/the cannula’s movement automati-
cally as soon as the tip of the cannula reached the target
(Fig. 2f, Supplementary Videos S1 and S3).

We tested the accuracy of the navigation system us-
ing a minipig phantom head and a 3D print of a CT
dataset of one of our animals. In a typical operating
room setup, the mean positional error of the system was
0.23 + 0.03 mm (Fig. 2g). In our MiniSWINE brain
surgery setting, the in vivo injection mean positional
error was similar across the three orthogonal planes
(Fig. 2h) and averaged 1.54 + 0.4 mm over both study
groups, with no statistically significant difference be-
tween LPC or CTRL (Fig. 2i). Given the spatial resolu-
tion of the detection systems (approximately 0.5 mm,
see Methods), this imprecision was deemed acceptable.

MR-imaging

First, we investigated MRI signatures of the LPC-
induced lesions on established protocols developed
and used in clinical practice for patients with MS. We
performed MRI imaging at intervals designed to capture
critical stages in lesion evolution, as known from LPC-
induced demyelination in rodent models™ (Fig. 3a).
We investigated an acute stage at a median of 9 days
(IQR 7-14 days, ngpc = 22 aLPC lesions and
Hactrr = 22 aCTRL lesions), an intermediate stage at a
median of 20 days (IQR 19-23 days, n;; pc = 12 iLPC and
nicrre = 12 iCTRL lesions) and a subacute stage at a
median of 30 days (IQR 28-33 days, nspc = 6 sSLPC and
nscrre = 6 SCTRL lesions) after lesion induction. By
longitudinal imaging in the same animal, lesions at
earlier stages accumulated in higher numbers than le-
sions at the latter stages, so we obtained a 3:2:1 ratio
between the number of acute, intermediate and sub-
acute lesions in our study (Supplementary Figure S1).
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We assessed T2FLAIR hyperintensity as a potential
indicator of areas including demyelination. In the acute
stage, LPC-induced lesions exhibited significantly larger
volumes of T2FLAIR hyperintensity than their corre-
sponding control lesions (aLPC = 535.1 + 188.9 mm?> vs.
aCTRL = 93.7 + 63 mm?; Kruskal-Wallis test followed by
Dunn’s multiple comparisons test H(1) = 8.92, p = 0.003;
Fig. 3b). This was corroborated by a statistically signifi-
cantly higher volume of Gd uptake in T1 sequences in LPC
lesions than in CTRL, suggestive of blood-brain-barrier
breakdown in the acute stage (aLPC = 390.3 + 96.7 mm?
vs. aCTRL = 31.7 + 13.2 mm?; Kruskal-Wallis test followed
by Dunn’s multiple comparisons test H(1) = 11.84,
p < 0.001; Fig. 3b). We also examined lesion signal in-
tensity in DIR sequences when WM lesions were suffi-
ciently close to the cortex to elicit juxtacortical
demyelination potentially. LPC-induced lesions demon-
strated statistically significantly larger volumes of DIR
hyperintensity than their control counterparts (DIR:
aLPC = 227.2 = 947 mm’ vs. aCTRL = 12.1 = 5.6 mm”;
Kruskal-Wallis test followed by Dunn’s multiple compar-
isons test H(1) = 11.31, p < 0.001; Fig. 3b). We included a
3D MP-RAGE sequence, a technique used to confirm the
exact localisation (e.g., juxtacortical vs. cortical vs. mixed) of
grey matter lesions in MS due to improved spatial reso-
lution and signal-to-noise ratio compared to DIR* and
confirmed statistically significantly larger hypointense
signal volumes in the LPC lesions compared to control
lesions (3D-MPRAGE: aLPC = 789 + 46.0 mm’ vs.
aCTRL = 3.9 + 2.0 mm?>; Kruskal-Wallis test followed by
Dunn’s multiple comparisons test H(1) = 4.66, p = 0.031)
(Fig. 3b). However, we noticed no difference with respect
to the volume of SWI hyperintensity between the LPC-
induced and control lesions (aLPC = 48.6 + 7.8 mm® vs.
aCTRL = 51.1 + 7.6 mm?; one-way ANOVA followed by
Tukey’s multiple comparisons test F(1,25) = 0.11, p = 0.74)
(Fig. 3b).

In the intermediate and subacute stages, we observed
some return from the signal changes in the acute stage,
suggesting restorative tissue changes that could include
remyelination, as is the case in, for instance, rodent LPC
models.” At the intermediate stage, while the volume of
the T2FLAIR hyperintensity became similar in the LPC
group to the CTRL group (iLPC = 189.0 + 116.5 mm’, a
65%-decrease from aLPC vs. iCTRL = 30.7 + 10.5 mm>, a
67%-decrease from aCTRL; Kruskal-Wallis test followed
by Dunn’s multiple comparisons test H(1) = 3.13, p = 0.07;
Fig. 3D), there was still increased T1Gd uptake in the LPC
group (iLPC = 152.0 + 90.0 mm®, a 61%-decrease from
aLPC vs. iCTRL = 6.1 + 2.3 mm?>, an 81%-decrease from
aCTRL; Kruskal-Wallis test followed by Dunn’s multiple
comparisons test H(1) = 4.87, p = 0.03; Fig. 3b). In the
subacute stage, no differences were detected between the
LPC-induced and control lesions concerning T2FLAIR
hyperintensity (sSLPC = 464 =+ 444 mm® vs.
SCTRL = 2.0 + 2.0 mm?; Kruskal-Wallis test followed by
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correlograms between MRI signals: dotted lines for linear regressions, coloured areas for 95%-confidence i

ntervals, R = Spearman correlation

coefficient, p values from the Spearman’s rank correlation test. d) 3D reconstructions of exemplary aLPC, and e) aCTRL lesions. Note that
T2FLAIR hyperintense signals take up the largest volume, followed by T1Gd and, depending on the lesion localisation, DIR signals. In contrast,

the SWI signals are mostly confined to the needle trajectory through the tissue.
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Dunn’s multiple comparisons test H(1) = 0.48, p = 0.49;
Fig. 3b) and T1Gd uptake volumes (sLPC = 38.4 + 4.2 mm’
vs. SCTRL=15.1 + 15.1 mm?; Kruskal-Wiallis test followed
by Dunn’s multiple comparisons test H(1) = 1.21, p=0.27)
(Fig. 3b). In none of the other consensus MRI sequences
(see above and Methods), neither at the intermediate, nor
at the subacute stage, did we observe any significant signal
differences between both groups.

Next, we evaluated the correlations between the
T2FLAIR and T1Gd signals and between the T2FLAIR
and SWI signals. In the acute stage, we observed a sta-
tistically significant positive correlation between
T2FLAIR and T1Gd signal volumes in the LPC group
(Spearman’s R = 0.8, p < 0.001) but no significant cor-
relation in the CTRL group (Spearman’s R = 0.34,
p = 0.301; Fig. 3c). Similarly, we found a statistically
significant positive correlation between T2FLAIR and
DIR signal volumes in the LPC group (Spearman’s
R =0.87, p <0.001; Fig. 3c), but not in the CTRL group
(Spearman’s R = 0.45, p = 0.162; Fig. 3b). Conversely
when analysing T2FLAIR against SWI signal volumes,
we found no correlation in the LPC group (Spearman’s
R = 0.29, p = 0.273; Fig. 3c) or the CIRL group
(Spearman’s R = 0.55, p = 0.082; Fig. 3c). Similar results
were found at the intermediate stage. T2FLAIR and
T1Gd volumes showed a significantly positive correla-
tion in the LPC-induced lesions group (Spearman’s
R =0.64, p = 0.034) but not in the control lesions group
(Spearman’s R = 0.46, p = 0.214), whereas T2FLAIR and
SWI volumes exhibited no correlation in the LPC group
(Spearman’s R = 0.4, p = 0.226) or the CTRL group
(Spearman’s R = 0.64, p = 0.064) (Supplementary
Figure S2). At the subacute stage, we observed no sta-
tistically significant correlations between T2FLAIR and
T1Gd in both groups (Spearman’s R = 0.2, p = 0.917)
(Supplementary Figure S2). These results reinforced the
hypothesis that the LPC-induced tissue effect, drove the
MRI signal values in the treatment group at the acute
stage. However, pending PET and ultrastructural vali-
dation, we could not ascertain that this effect was a
demyelination. Conversely, we did not see any differ-
ence in the MRI signal kinetics that suggests different
remyelination kinetics between different locations
across the centrum semiovale, even though the MRI
protocols we employed cannot be regarded as specific
for myelination status. Therefore, we proceeded with a
correlational analysis between imaging and histology.

In vivo PET-MRI and ex vivo histological analysis

We traced back tissue section locations by comparing
anatomical landmarks in the histological slices to the
coronal reconstruction of the MRI dataset (Fig. 4a).
Specifically, the section-by-section alignment of ''C-PIB-
PET and T2FLAIR-MRI in vivo tomographic sections
and Luxol fast blue (LFB)-stained and haematoxylin-and-
eosin ex vivo tissue sections allowed to pinpoint the
corresponding lesion locations across the different
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neuroimaging modalities and timepoints (Fig. 4b and c,
Supplementary Figure S3). We confirmed demyelin-
ation by diminished Luxol fast blue staining (Fig. 4d-g)
and myelin inclusions in PAS-stained macrophages*
(Fig. 4h).

In the acute stage, all lesions from both the LPC-
induced lesions group and the control group exhibited
an equivalent sphere diameter of above 5 mm (Fig. 4i).
By pooling lesions across all stages, we found a statis-
tically significant inverse correlation between the
T2FLAIR hyperintensity and ''C-PIB standard-uptake-
values corrected by weight (SUVbw) in the LPC-
induced lesions group (Spearman’s R = -0.81,
p = 0.027), but not in the control group (Spearman’s
R = -0.6, p = 0.35), suggesting that at least part of the
T2FLAIR hyperintense volume exhibited a reduced
myelin content (Fig. 4j). Conversely, we could not
determine any statistically significant correlation be-
tween SWI volume and ''C-PIB SUVbw, neither in the
LPC (Spearman’s R = —0.67, p = 0.102) nor in the CTRL
group (Spearman’s R = 0.5, p = 0.45) (Fig. 4k). The
pooled analysis of lesions across all stages was justified
by the fact that T2FLAIR sequences cannot distinguish
between de- and remyelination. We also demonstrated a
statistically significant positive correlation between
T2FLAIR hyperintensity volumes and demyelinated
surfaces on LFB-stained brain slices in the LPC
(Spearman’s R = 1, p = 0.017) but not in the control
group (Spearman’s R = 0.71, p = 0.182) (Fig. 4l), sup-
porting the hypothesis that demyelination processes
drove the T2FLAIR signal changes in the acute stage.

On histological slices, slice-by-slice summation of
segmented areas of reduced LFB-staining revealed a
statistically significantly higher demyelinated area in the
LPC group than in the control group for lesions at the
acute stage (LPC = 7.2 = 0.9 mm? n = 4, vs.
CTRL = 0.3 + 0.3 mm? n = 4; Kruskal-Wallis test
H(1) = 5.6, p = 0.018). Conversely, partial remyelination
(visually evaluated based on the intensity of LFB stain-
ing) was observed in the LPC but not in the CTRL group
at the subacute stage (LPC = 1.8 + 0.6 mm?, n = 4, vs.
CTRL = 0.1 + 0.1 mm* n = 4; Kruskal-Wallis test
H(1) = 5.6, p = 0.018; Fig. 4m). Remyelination rate was
higher in the acute and intermediate stages than in the
subacute stage (significant inverse correlation between
remyelination surface and duration after lesion induc-
tion in the LPC, but not in the control group, Spear-
man’s R =-0.95, p = 0.051, Fig. 4n).

Immunohistological and immunofluorescent
characterisation

Although LFB provides specific myelin staining of brain
tissue and can be used to track myelination status®”
reliably, the quantification of LFB-staining surface
does not take into account the other cellular components
of a lesion, such as oligodendrocytes, astrocytes,
neuronal somata/axons, microglia/macrophages and
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black dotted rectangles in LFB photomicrographs. c) Higher magnification photomicrographs (note different scales for presentation purposes
because LPC lesions are more extensive than CTRL) corresponding to the areas above. d) High magnification micrographs of exemplary aspects
(from left to right): LFB-scarce WM in aLPC; partially, diffusely remyelinated WM in iLPC, corresponding to a region from c), rows 3-4; normal-
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remyelination area. R = Spearman correlation coefficient, p values are calculated from Spearman’s rank correlation test.
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lymphocytes. We, therefore, performed immunostain-
ing of the following markers across all lesion stages:
GFAP (for astrocytes), Ibal (for microglia), Olig2 (for
oligodendrocytes and OPCs), NeuN (for neuronal
somata), CD3 (for lymphocytes) and CD68 (for macro-
phages), and double immunofluorescence of GFAP and
MOG (for myelin) and NfH (axons) and MOG.

LFB demonstrated an area of focal demyelination in
aLPC at the site of injection that appeared to exceed that of
the control group, aCTRL (Fig. 5a and d, Supplementary
Figure S4a). This was paralleled by dense immunostain-
ing suggestive of cellular infiltration in aLPC consisting of
CD3+ lymphocytes, GFAP+ reactive astrocytes, hypertro-
phic on visual examination, and Ibal+ activated microglia,
visually imposing with hypertrophic cell bodies, amoeboid
shape and thickened cellular processes (Fig. 5a and d).
Overall, we observed few CD68+ monocytes/macrophages
(Fig. 5a and d) but detected myelin-phagocytising ones in
aLPC lesions (foamy cells) (Fig. 4h). The density of Olig2
immunostaining was reduced in aLPC lesions, but not in
aCTRL (Fig. 5a and d and Supplementary Figure S4a).
GFAP signal density was high. In contrast, MOG signal
density was weak in aLPC lesions (Supplementary
Figure S5a and d) but not in aCTRL (Supplementary
Figure S6a). Reactive astrogliosis and activated microglia
were still present in iLPC lesions, albeit less evidently than
in aLPC lesions, and absent in iCTRL lesions (Fig. 5b and
d, Supplementary Figure S4b). In iLPC lesions, we
observed a dense CD68 immunostaining that appeared
denser than in aLPC lesions, suggesting a higher density
of CD68+ infiltrating cells. Variations in LFB staining and
MOG-immunofluorescence were paralleled by variations
in Olig2 immunostaining in the vicinity of the injection
site (Fig. 5a—d, Supplementary Figure S5a—c), suggesting
that demyelination occurred along with oligodendrocyte
loss. At the same time, remyelination correlated with
restoration of oligodendrocytes. The oligodendrocytes,
however, did not restore levels in sSLPC compared to the
baseline (Fig. 5d).

NfH-immunostaining revealed irregular distribution
of neurofilaments (Supplementary Figures S5a—c and
S6a—c) in LPC lesions at all stages, which was not
observed in CTRL lesions. We did not find reduced
neuronal somata in the cortical regions adjacent to the
WM where the injections were placed in LPC compared
to CTRL lesions across all stages (Fig. 5d). However,
exact correspondence between the adjacent cortical
areas where neuronal somata were counted and the
precise axons contained in the WM tracts affected by the
lesions is not a given in this setting, so that we resorted
to clarify this question ultrastructurally.

Corroboration via electron-microscopy and
comparison with human data

We performed scanning electron microscopy (SEM) in
both the LPC and CTRL groups at acute and subacute
stages (aLPC, aCTRL, sLPC, sCTRL). Moreover, we
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compared these SEM minipig brain data with SEM bi-
opsy data from two patients diagnosed and treated in
our neurology department: Patient A with an acute MS
lesion in a demyelinating stage (¢Hum) and Patient S
with a subacute ADEM lesion in a remyelinating stage
(sHum).

The aCTRL and sCTRL WM samples featured an
abundance of axonal fibres with intact myelin sheaths
(Supplementary Figure S7). In aLPC and aHum, we
found that the axons exhibited features of pathological
myelin: the myelin sheath was very thin, and we noticed
myelin fragments in the extracellular space or intracel-
lularly within lysosomal inclusions of phagocytising cells
(i-e., foamy cells). In aLPC, we also observed phagocytes
engulfing myelin sheaths (Fig. 6a). The latter two features
were absent in sLPC or in sHum, in which we noticed
thinly, incompletely remyelinated axons (Fig. 6a). Intra-
cellular lipid droplets appeared localised within phago-
cytes (macrophages or microglia) in aLPC, while in
aHum they were more frequent within astrocytes
(Fig. 6a). Axonal diameter was lowest in the acute stage
(@LPC = 0.115 + 0.01 ym, n = 746; aLPC < aCTRL,
Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test H(1) = 32.90, df = 5, p < 0.001), showed
intermediate values in the subacute LPC lesion
(SLPC =0.22 + 0.01 pm, n = 239; sLPC < sCTRL, Kruskal-
Wallis test followed by Dunn’s multiple comparisons test
H(1) = 14.08, df = 5, p < 0.001, sLPC < aCTRL, Kruskal—
Wallis test followed by Dunn’s multiple comparisons test
H(1) = 12.34, df = 5, p < 0.001) and exhibited higher
values both in the acute control and subacute control
groups (axonal diameter: aCTRL = 0.444 + 0.01 pm,
n = 426; sCTRL = 0.653 + 0.02 pm, n = 239) (Fig. 6b). The
variation of axonal diameter across stages in the minipig
brain was consistent with reports in patients with acute
and subacute MS lesions,* being in line with the mea-
sures of axonal diameter in our patients, which was lower
in the patient in the acute stage than in the patient in the
subacute stage (Patient A: aHum = 0.160 = 0.01 pm,
n = 1095, vs. Patient S: sHum = 0.301 + 0.01 pm, n = 519)
(Fig. 6b). We also quantified the g-ratio at 10 nm-reso-
lution, defined as the ratio of the axon diameter to the
diameter of the axon plus the myelin sheath, a higher g-
ratio indicating a thinner myelin sheath. The g-ratio was
highest in the acute LPC lesion (aLPC = 0.799 + 0.01,
n = 746; aLPC > aCTRI), took an intermediate value in
the subacute LPC lesion, potentially supporting the evi-
dence of thinly and incompletely myelinated axons
(SLPC = 0.708 = 0.01, n = 327; sLPC > sCTRL,
sLPC > aCTRL, aLPC > sLPC), and exhibited lower values
in the CTRL groups (g-ratio: aCTRL = 0.637 + 0.01,
n =426; sCTRL = 0.626 = 0.01, n = 239). The patient data
had a similar relationship regarding g-ratios (Patient A:
aHum = 0.697 = 0.01, n = 1095, vs. Patient S,
sHum = 0.612 = 0.01, n = 519) (Fig. 6b).

We also consistently observed an increased propor-
tion of pathological axons (thinly myelinated and
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Fig. 5: Immunohistochemical characterisation of LPC lesions across stages. a) Acute stage (aLPC), b) Intermediate (iLPC), c) Subacute (sLPC).
Common denominators of a—c): From left to right: Schematic corresponding to Fig. 1 of the lesion stage; LFB (Luxol fast blue) overview of the
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demyelinated axons) in aLPC. In the former case,
demyelinated axons were more frequent, while in sLPC,
thinly myelinated axons were more frequent, even
though the disproportion was not significant when
compared to sCTRL (Fig. 6¢). At the acute stage, the
proportion of pathological axons over all axons was
higher in aLPC (24% thinly myelinated, 5% demyeli-
nated) than in aCTRL (8% thinly myelinated, 0%
demyelinated). In comparison, in the subacute stage,
the proportion of thinly myelinated axons over all axons
was higher in sLPC (2% thinly myelinated) than in
sCTRL (0.6% thinly myelinated) (Fig. 6¢). Overall, we
found a slightly lower density of axons in sLPC
compared with sCTRL (by around 15%, axon density per
10 x 10 pm?* ROI: sSLPC = 25 + 3.5, sCTRL = 28.83 + 3.44,
sLPC < sCTRL, Kruskal-Wallis p = 0.01) (Fig. 6c).
Together with data from NfH immunostaining, this
hinted to a certain degree of secondary axonal degen-
eration present at the subacute stage.

By adjusting linear models to the distributions of
axonal diameter and g-ratios from minipig and human
tissue and performing likelihood ratio tests (LR), we
could further corroborate the modelling of aHum data
by aLPC regarding both axonal diameter (aLPC signifi-
cantly improving LR over aCTRL, Df = 3, H? = 263.83,
p < 0.0001) as well as g-ratio (aLPC significantly
improving LR over aCTRL, Df = 3, H? = 676.67,
p < 0.0001). Analogous results were obtained for
approximating sHum by sLPC vs. sCTRL regarding the
axonal diameter and the g-ratio (Fig. 6d). Thus, minipig
LPC tissue exhibited similarities in key features of de-
and remyelination stages to human inflammatory
demyelinating CNS disease tissue regarding ultrastruc-
tural parameters.

We took advantage of the Kullback-Leibler Diver-
gence (DKL) as a measure for information loss
(measured in bits) when modelling one probability
distribution (i.e., human acutely demyelinated CNS tis-
sue axons) with another, simpler or more easily attain-
able data probability distribution (i.e., data from
MiniSWINE). We next compared the DKL when
modelling the distributions of axonal thickness and g-
ratio of the human de- and, respectively, remyelinated
tissue, as well as the distributions of axonal thickness
and g-ratio of aLPC/aCTRL and sLPC/sCTRL minipig
tissue. In the acute stage, regarding axonal thickness,
the intrinsic discrepancy of approximating the aHum

distribution ~was lower when using aLPC
(DKL_aLPC = 0.0087 bits) than when using aCTRL tis-
sue (DKL_aCTRL = 0.114 bits). Regarding the g-ratio,
the intrinsic discrepancy was also lower when using
aLPC (DKL_aLPC = 0.0003 bits) than when using
aCTRL (DKL_aCTRL = 0.019 bits). In the subacute
stage, the intrinsic discrepancy regarding the axonal
thickness when modelling sHum with sLPC
(DKL_sLPC = 0.0004 bits) was also lower than when
employing sCTRL (DKL_sCTRL = 0.043 bits). The g-ra-
tio could also be approximated with less information
loss when using sLPC (DKL_SLPC = 0.0007 bits) than
via sCTRL (DKL_sCTRL = 0.0082 bits). The DKL anal-
ysis showed that the LPC groups’ ultrastructural fea-
tures modelled human features of cerebral
demyelination.

Discussion

We aimed in this study to demonstrate the feasibility of
validly simulating acute demyelination followed by at
least remyelination in a large animal model, reflecting
what is known to occur in human inflammatory disor-
ders of the CNS and allowing follow-up and character-
isation using MR-, PET-imaging and microscopy.

We chose minipigs to study de- and remyelination
(1) because they have relatively large gyrencephalic
brains, (2) a high degree of neuroanatomical similarity
to humans, including a similar white-to-grey matter
(WM:GM) ratio (~60:40), as well as (3) a manageable
adult mass of around 60 kg.”” The latter aspect is
relevant to stereotaxy compared to fattening pigs since
navigational coordinates for stereotaxy can shift during
brain and body growth. This fact restricts longitudinal
precision neuroanatomy studies to adult animals,
which, for fattening pigs, due to their size and body
mass, would pose significant infrastructural problems
in using diagnostic devices analogous to human clinical
use. Finally, minipigs are easily maintained in
controlled conditions.’

For this, we induced reversible, spatially and
temporally controlled demyelination using precise, ste-
reotactic delivery of LPC via CED. To this end, we chose
to develop an EMTS and a surgical-imaging-microscopy
platform, MiniSWINE, which, due to its modular con-
struction, is compatible with adaptations, e.g., to
implement translational developments. One of the

Ibal (microglia), NeuN (neuronal somata), CD3 (lymphocytes), CD68 (monocytes/macrophages). d) From left to right: areas of LFB signal loss
(i.e., demyelination), Olig2+ cell densities per 300 x 300 um? ROI, proportion of area containing activated GFAP+ astrocytes in 1 x 1 mm? RO,
proportion of area containing reactive Ibal+ microglia in 1 x 1 mm? ROI, NeuN+ cell densities per 300 x 300 pm?® ROI, CD3+ cell densities per
300 x 300 pm? ROI. We refrained from (D68 quantification because of a meagre signal-to-noise ratio, presumably due to low cross-species
primary antibody affinity. Statistical tests were performed using the Kruskal-Wallis-Test, followed by Dunn’s multiple comparisons test. n = 4,

*0.01 < p < 0.05, **0.01 < p < 0.001, ***p < 0.001.

www.thelancet.com Vol 100 February, 2024


www.thelancet.com/digital-health

Articles

Demyelination setting

Remyelination setting

Minipig acute LPC

Human acute MS plaque

Minipig subacute LPC

Human subacute ADEM plaque

o < °
=~ " o °
£
20 ow ° °
g < 22
8
g, N
22 2o
2 g =
T K
s o 0
é (=

b

3

c Normally myelinated axons (#/ROI) d - X
Hk *x Axon thickness (um) Demyelination selting Axon g ratio
=]
g == 8 i ] .
] | mm— - - s
o 0 o ’
N ErT—— L g A
aCTRL alPC sCTRL sLPC aHum sHum Pyt
H e £
2% 2
. ” 2° S =y
Thinly myelinated axons (#/ROI) a v?‘ 2
< . g : P
- JR— =
L — -
ol —— —_—— ] == . ! o alPC
aCTRL alPC sCTRL sLPC aHum  sHum 2 . o aCTRL y H o aCTRL
S
0.00 0.10 020 0.30 04 05 06 07 08 09 1.0
human demyelination human demyelination
Demyelinated axons (#/ROI) g b i
" Remyelination setting
- e 5 Axon thickness (um) i 4 Axon g ratio
0 @
© < o
< |
L)
=2 | S — 29
aCTRL alPC sCTRL sLPC
o @
Ef E
3 3 °7
] 3
2 2
Total number of axons (#/ROI) =3 £ ©
» E EST
< = B ©
o w— - =3
o sLPC
f— g = °
aCTRL alPC sCTRL sLPC aHum  sHum S il s- i sCTRL
0.15 0.25 0.35 050 055 0.60 065 070

human remyelination

human remyelination

Fig. 6: Comparison of MiniSWINE and human demyelinating CNS disease biopsy ultrastructure. a) 1st row: Pairwise T2FLAIR and T1Gd axial
MRI slices illustrating, in the case of the minipigs (from the left, columns 1 and 3), the areas where the autopsy was performed and, in the case
of the humans (from the left, columns 2 and 4), the areas where biopsies were performed. White/black bounding boxes indicate approximate

www.thelancet.com Vol 100 February, 2024


www.thelancet.com/digital-health

Articles

initial challenges was to design a cannula that achieved
an optimal, spherical substance spread function at ca-
nonical CED injection rates, which would also be
compatible with readily available single-use catheters. In
contrast to previously reported OTS, the EMTS we
developed for this application was not limited by cath-
eter, sensor wire or cannula bending in the tissue since
the tracking targeted the instrument’s tip and not the
instrument shaft’s initial part. Also, as EMTS does not
require visual access for a camera, handling the navi-
gated drill guide by the operator on challengingly small
surfaces such as the forehead is more accessible than in
the case of OTS by preventing line-of-sight issues faced
by contemporary neurosurgical navigation systems.

However, a notable limitation of the MiniSWINE
EMTS was interference with metals near the surgical
field, which could not be eliminated. Indeed, in one of
forty instances, we were confronted with the magnet-
isation of the cannula, which required its replacement
during surgery, an issue not occurring in OTS. This
issue could be compensated for practical purposes by
ensuring appropriate spacing between the EMTS and
metallic surgical instruments, providing satisfactory in-
jection precision. Nevertheless, the fact that salient
anatomical points in vivo, as opposed to in vitro, are
registered on the skin, which can physiologically shift
within certain limits in relation to subcutaneous tissue,
contributed to the discrepancy between the navigation
precision in vitro (0.23 + 0.03 mm) vs. in vivo
(1.54 + 0.4 mm).

Two main factors conditioned the variability of the
target injection coordinates. Firstly, in contrast to rodent
brain LPC injections, where invariable stereotactic co-
ordinates relative to an anatomical structure (e.g.,
bregma) can be formulated and translated between in-
dividuals,* in minipigs, due to the larger brain volume
(approximately 70-80,000 mm?® in our cohort), this
approximation does not hold. In our experience with the
minipig brain, avoiding vasculature of more than
0.8 mm diameter is necessary, exhibiting specific
anatomical interindividual variability throughout the
injection trajectory. Secondly, since the minipig brain is
several orders of magnitude larger than, for instance,
mouse brains (volumes of 400-500 mm®),” a "one-size-
fits-all" approach can have unwanted consequences.

A critical consideration once having established the
platform MiniSWINE from the technical standpoint,
was validating it against the MAGNIMS consortium
MRI sequences performed on the same devices in a
clinical setting as would be the case for the diagnosis
and follow-up of a chronic inflammatory demyelinating
disorder in human patients, such as for MS. Inter-
correlating, reproducibly higher T2FLAIR, T1Gd and
DIR signal susceptibilities in the treatment, but not in
the control group, indicated a tissue-effect, compatible
with demyelination, as well as a partial permeability
increase of the blood-brain barrier (Gd uptake) triggered
at the acute stage by the intraparenchymal LPC injec-
tion. The absence of correlations between SWI and the
sequences above in the treatment and the control group
suggested that the inherent microhaemorrhage along
the injection trajectory did not significantly confound
LPC-induced effects. One aspect of SWI-related MRI
sequences, which we did not investigate in light of the
known accumulation of iron in macrophages in active
lesions and shadow plaques,” would be potential
sensitivity to ongoing inflammation or even, in the case
of quantitative susceptibility imaging (QSM), sensitivity
to myelin content, which could be exploited as a
biomarker for remyelinated lesions.”’ Results from our
longitudinal MRI follow-up alone were, in principle,
compatible with subsequent remyelination. Still, since
none of the current MAGNIMS consensus sequences
can reliably track remyelination,” we needed additional,
more specific imaging and parallel histopathological
characterisation of lesion evolution to validate our hy-
pothesis. As a proof-of-concept for testing minimally
invasive, novel imaging biomarkers that could help
tackle the current challenge of detecting incipient
remyelination, we resorted to in vivo [''C]-PIB-PET im-
aging, with the aid of which we could demonstrate a
correlation between subsiding T2FLAIR and T1Gd sig-
nals and restoration of PIB-uptake, as a potential start-
ing point for evaluating this technique in future
(human) studies. We also showed via parallel investi-
gation in vivo by MRI and ex vivo by histopathology that
we could follow-up signals of demyelination for weeks
without confounding due to potential intercurrent me-
chanical tissue damage or perilesional intracerebral
haemorrhage.

areas from which a small sample was analysed with SEM (see also Methods). 2nd row: SEM-micrographs from aLPC, aHum, sLPC, sCTRL and,
respectively, sHum groups, scale bar = 10 pm. 3rd row, 4th row: High magnification SEM-micrographs, scale bar = 2 pm. White arrows = thin
myelin; hollow white arrows = lipid droplets in foam cells; black arrows with white outline: astrocytic lipid droplets and lysosomal inclusions;
black arrows: axonal pathology. b) Quantification of axonal and myelin pathology of axonal diameter (above), as well as g-ratio (below) in all
study groups, including aHum and sHum. c) Quantification of myelin pathology. Numbers of, from the left, normally myelinated, thinly
myelinated and demyelinated axons per 10 x 10 pm ROl b and c) Kruskal-Wallis test followed by Dunn’s multiple comparisons test,
*0.01 < p £ 0.05, **0.01 < p < 0.001, ***p < 0.001. d) Comparisons of the predictive power of linear regression models of axonal thickness
and g-ratio from MiniSWINE (the linear model itself as a straight line) compared to the human linearised data, represented by the dotted
straight line. The nearer the trajectory of the coloured line was to one of the dotted lines, the better the prediction of MiniSWINE relative to

human data was. Statistical significance and p values were determined by likelihood ratio tests,

www.thelancet.com Vol 100 February, 2024

*HK

p < 0.001, n.s. = not significant.


www.thelancet.com/digital-health

Articles

20

The de-/remyelination dynamics observed in Mini-
SWINE differed somewhat from those described in
rodent -models.”*** The latency to remyelination took
between 20 dpi (intermediate stage) and 30 dpi (sub-
acute stage). It resembled the 2-3 weeks described in
rodent studies'®** more than the incomplete remyeli-
nation, even six weeks post-induction, in other large
animal models.'"*”” These findings indicate that in
contrast to rodents, where remyelination is largely
completed around 14-21 dpi,'®** in the minipig, even
at 30 dpi in the subacute stage, there is coexistence
between a subsiding but still active demyelinating
component and tissue restorative mechanisms. This
observation aligns with recent reports describing the
lesion volume and species-inherent differences in
OPC infiltration of the lesion, proliferation and dif-
ferentiation as the main factors determining the
remyelination status.” We cannot exclude age-
dependent effects on the latency of the remyelina-
tion,'® but consider this unlikely due to the homoge-
nous cohort of young adult minipigs used (aged 19 + 1
months, assuming a life expectancy of 15-20 years).
Future work with increased imaging density and
specific labelling of OPCs may help further clarify the
interspecies differences.

We then demonstrated experimentally that ultra-
structural indicators of de- and remyelination from
MiniSWINE matched human biopsy data from two pa-
tients in distinct phases of a demyelinating CNS in-
flammatory process by exhibiting similar lesion
characteristics. The variation of axonal diameter across
stages in the minipig brain was consistent with reports
in patients with acute and subacute MS lesions.*
Nevertheless, we had to compare WM axonal di-
ameters and g-ratios from different human brain re-
gions (aHum was a biopsy from the cerebellar WM,
while sHum was from the subcortical WM), which
restricted the comparability of results between the
demyelinating and remyelinating human conditions.
We observed homogenous de- and remyelination pat-
terns irrespective of the injection location within the
centrum semiovale, even though existing reports in the
literature hint towards subtle interregional differences
within different areas of the corpus callosum in rodent
cuprizone models.”>** Interestingly, we found a certain
degree of putatively secondary axonal pathology (around
15% of axons) inherent to the subacute treatment group,
which deviates from the paradigm of a pure demyelin-
ating non-inflammatory LPC-induced lesion in rodent
studies and more closely resembles results from rabbit
and macaque studies.”®” A previous study focused
solely on the acute stage but did not describe the pig
brain’s subacute LPC-induced and demyelinating lesion
dynamics. Another result of our imaging data is that
canonical MRI sequences may be indicative of, but tend
to overestimate the extent of de-/remyelination, an

implication also suggested in an EAE study in marmo-
sets, where, however, due to purely immunohisto-
chemical and not electron microscopic correlation, a
layer of caution regarding lesion classification remains.*

One potentially critical aspect here is that in the
remyelination setting, the proportion of axons with
thin myelin, typical for remyelinated axons, is rela-
tively low (on the order or 2%), which is counterintu-
itive, given that the lesions are still detectable by [''C]-
PIB-PET-MRI. However, MRI sequences stipulated by
the MAGNIMS consortium do not specifically identify
de- or remyelination events. Also, the [''C]-PIB uptake
correlates with myelination so that in a remyelinating
lesion, one expects a lower contrast between the po-
tential lesion and surrounding parenchyma, further
lowering detectability. Therefore, astrogliosis, micro-
glial and immune cell infiltration can also confound
the imaging, especially in the case of the MRI, leading
to an overestimation of the de-/remyelinated lesion
core, which can, in our paradigm, be precisely deter-
mined on histological and ultrastructural basis. Also,
since the LPC primarily induces demyelination with
reactive inflammation, the translation of conclusions
drawn from our model to demyelinating diseases such
as MS, in which primary inflammation leads to
demyelination, is limited.

On the whole, another limitation of the study was
given by the low experimental numbers concomitantly
examined with multimodal diagnostic methods, espe-
cially in the subacute group. On the one hand, this
aspect was due to longitudinal imaging being per-
formed in a single animal, leading to more lesions
being generated in the acute stage than subacute le-
sions could emerge. On the other hand, we were
constrained by local ethical regulations to establish the
pipeline sequentially and simultaneously generate
final data. Understandable ethical considerations also
meant that lesions had to be asymptomatic, diverging
from the situation in human demyelinating diseases
such as MS.

To conclude, despite limitations, we established
controlled cerebral de- and remyelination in a large
animal model and validated it in a multimodal imaging
and microscopy setting against existing and emerging
biomarkers. We observed slower de- and remyelination
than reported in homologous rodent models and, in
parallel, a degree of secondary axonal pathology. This
aspect may eventually depict corresponding processes
occurring in human diseases better than rodent
models. In this sense, MiniSWINE opens the avenue
for immediate clinical translation to diagnostic pro-
cedures and new imaging biomarkers while repre-
senting a gateway to future testing of novel
remyelinating agents. Furthermore, our proposed
EMTS may enhance stereotactic substance delivery in
human neurosurgery.
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