N

N

Imaging characteristics of choroid plexuses in
pre-symptomatic multiple sclerosis: a retrospective
study
Vito a G Ricigliano, Emilie Poirion, Annalisa Colombi, Yazdan Panah,
Andrea Lazzarotto, Emanuele Morena, Elodie Martin, Michel Bottlaender,
Benedetta Bodini, Danielle Seilhean, et al.

» To cite this version:

Vito a G Ricigliano, Emilie Poirion, Annalisa Colombi, Yazdan Panah, Andrea Lazzarotto, et al..
Imaging characteristics of choroid plexuses in pre-symptomatic multiple sclerosis: a retrospective
study. Neurology Neuroimmunology & Neuroinflammation, 2022. hal-03939779

HAL Id: hal-03939779
https://hal.sorbonne-universite.fr /hal-03939779
Submitted on 15 Jan 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - ShareAlike 4.0 International
License


https://hal.sorbonne-universite.fr/hal-03939779
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
https://hal.archives-ouvertes.fr

Imaging characteristics of choroid plexuses in pre-symptomatic multiple

sclerosis: a retrospective study.

Vito A. G. Ricigliano, MD, PhD1.2; Céline Louapre, MD, PhD!.3; Emilie Poirion, PhD1,4;
Annalisa Colombi, MDl; Arya YAZDAN PANAH, MSc 1; Andrea Lazzarotto, MD1,2;
Emanuele Morena, MDl; Elodie Martin, Pth; Michel Bottlaender, MD, PhD5; Benedetta
Bodini, MD, PhD1-2; Danielle SEILHEAN, MD1,6; Bruno Stankoff, MD PhD!,2

Corresponding Author:
Bruno Stankoff

bruno.stankoff@aphp.fr

Affiliation Information for All Authors: 1. Sorbonne Université, Paris Brain Institute, ICM,
CNRS, Inserm, 75013 Paris, France; 2. Neurology Department, St Antoine Hospital, APHP-
Sorbonne, 75012 Paris, France; 3. Neurology Department, Pitié-Salpétriere Hospital, APHP-
Sorbonne, 75013 Paris, France; 4. Service dImagerie Médicale, Hopital Fondation Adolphe de
Rothschild, 75019 Paris, France; 5. Université Paris-Saclay, CEA, CNRS, Inserm, BioMaps,
Service Hospitalier Frédéric Joliot, 91400 Orsay, France; 6. Neuropathology Department,
Pitié-Salpétriere Hospital, APHP-Sorbonne, 75013 Paris, France


mailto:bruno.stankoff@aphp.fr

Abstract

Background and objectives: Recent imaging studies have suggested a possible involvement
of choroid plexus (CP) in multiple sclerosis (MS). Here, we investigated whether CP changes
are already detectable at the earliest stage of MS, preceding symptom onset.

Methods: The study is a retrospective analysis of 27 pre-symptomatic MS subjects, 97
clinically definite MS (CDMS) patients and 53 healthy controls (HC) who underwent a cross-
sectional 3T-MRI acquisition; of which, 22 MS, 19 HC and one pre-symptomatic MS
(evaluated 8 months before conversion to CDMS) also underwent translocator protein (TSPO)
8F_DPA-714 PET and were included in the analysis. CPs were manually segmented on
3DT1-weighted images for volumetric analysis. CP '°F-DPA-714 uptake, reflecting
inflammation, was calculated as the average standardized uptake value (SUV). Multivariable
regressions adjusted for age, sex, ventricular and brain volume were fitted to test CP volume
differences between pre-symptomatic subjects and MS or HC. For the pre-symptomatic case
who also had '®F-DPA-714-PET, CP SUV differences with MS and HC were assessed
through Crawford-Howell tests. To provide further insight into the interpretation of ‘*F -DPA-
714-PET uptake at the CP level, a post-mortem analysis of CPs in MS versus HC was
performed to characterize the cellular localization of TSPO expression.

Results: Compared with HC, pre-symptomatic MS subjects had 32% larger CPs (3=0.38,
p=0.001), which were not dissimilar to MS CPs (p=0.69). Moreover, in the baseline scan of
the pre-symptomatic case who later on developed MS, TSPO PET showed 33% greater CP
inflammation versus HC (p=0.04), while no differences in **F-DPA-714 uptake were found in
parenchymal regions versus controls. CP post-mortem analysis identified a population of
CD163+ mononuclear phagocytes expressing TSPO in MS, possibly contributing to the
increased in *®F-DPA-714 uptake.

Discussion: We identified an imaging signature in CPs at the pre-symptomatic MS stage
using MRI; additionally, we found an increased CP inflammation with PET in a single pre-
symptomatic patient. These findings suggest a role of CP imaging as an early biomarker and
argue for the involvement of the blood-CSF barrier dysfunction in disease development.

Trial registration numbers: APHP-20210727144630, EudraCT-Number: 2008-004174-40;
ClinicalTrials.gov: NCT02305264, NCT01651520, NCT02319382.



Introduction

Choroid plexuses (CPs) are central nervous system (CNS) structures involved in cerebrospinal
fluid (CSF) production and immunosurveillance.! They regulate the bidirectional exchange
between the blood and the CSF, forming the so-called blood-CSF barrier (BCSFB).>® Their
structural and functional alterations may contribute to the pathophysiology of immune-
mediated CNS diseases like multiple sclerosis (MS). We previously described, in a study
combining magnetic resonance imaging (MRI) and inflammatory positron emission
tomography (PET) in patients with MS versus healthy controls (HC), that CPs have greater
volume and higher translocator protein (TSPO) expression at the inflammatory phase of the
disease, possibly reflecting increased macrophage/microglia infiltration.* We demonstrated
that CP enlargement correlated with imaging metrics of parenchymal inflammation and with
relapse rate in relapsing-remitting MS (RRMS). Recently, the role of CP volumetric increase

as neuroinflammatory marker over time has been corroborated in a translational study.’

In the experimental autoimmune encephalitis (EAE) model, CPs allow the initial lymphocytic
infiltration into the CNS.*" In human pathology, this early, pre-symptomatic phase of the
disease is often referred to as radiologically isolated syndrome (RIS).®° This entity
corresponds to patients with radiological signs of MS without neurological events, but with a
higher risk of clinical conversion for males, aged <37 years, with cervical/thoracic spinal cord
lesions and gadolinium-enhancing lesions.’®** Thus far, however, definite predictive imaging
markers at the pre-symptomatic stage are lacking, and a possible involvement of CPs at this

early subclinical phase of MS has never been investigated in vivo.

To this aim, we performed a 3 Tesla MRI volumetric analysis of CPs in a cohort of 27
subjects with pre-symptomatic MS (26 RIS, and one pre-symptomatic MS woman with two
WM lesions, one of which in a MS-typical CNS location) versus 97 patients with MS and 53
HC. Moreover, we measured CP inflammation with TSPO *®F-DPA-714-PET in one subject
with pre-symptomatic MS who converted to clinically defined MS 8 months later, and
compared results with 22 MS and 19 HC. Finally, we characterized the cellular localization of

CP TSPO expression in the disease on post mortem samples.



Methods

Subjects

Twenty-six subjects fulfilling the 2009 RIS diagnostic criteria, followed between September
2013-January 2021, and validated by the RIS International Consortium, for whom MRI scans
with non-enhanced 3D-T1-weighted sequences were available, were retrospectively selected
from our Neurology clinics of Saint-Antoine and Pitié-Salpétriere Hospital in Paris, France.
Clinical history, CSF positivity (either high 1gG index or positive oligoclonal bands),*
conversion to MS and follow-up duration (months) since the analyzed MRI were collected
until august 2021. Consent according to the French legislation for non-interventional research
was obtained from all subjects (APHP-20210727144630). In addition, a 30-year-old female
with pre-symptomatic MS, originally included as healthy volunteer in a protocol combining
3T-MRI and ‘®F-DPA-714-PET for the study of innate immune cell activation in patients with
MS versus HC (ClinicalTrials.gov: NCT02305264)," but then classified as pre-symptomatic
MS, was added to the studied cohort. After genotyping of the rs6971 polymorphism of TSPO
gene,"® she was classified as high-affinity binder (HAB).

A retrospective convenience series of 97 patients with MS (61 relapsing-remitting, RRMS,
and 36 progressive, PMS) and 53 HC from four prospective cross-sectional studies performed
between 2009-2017 (EudraCT-Number: 2008-004174-40; ClinicalTrials.gov: NCT02305264,
NCT01651520, NCT02319382)*** was used to collect MRI data. From this population, 37
patients and 28 HC also underwent ®F-DPA-714 PET at study entry (ClinicalTrials.gov:
NCT02305264, NCT02319382).*2!* After rs6971 genotyping, 22 patients with MS and 19 HC
were classified as HAB for TSPO polymorphism and kept for further analysis
(NCT02305264, NCT02319382). Written informed consent was obtained from all participants
according to the Declaration of Helsinki and the studies were approved by the local ethic

committees.
Standard Protocol Approvals, Registrations, and Patient Consents
Participant consent according to the French legislation for non-interventional research was

obtained from all pre-symptomatic MS subjects (APHP-20210727144630), and from the

subjects with MS and healthy controls enrolled in the four prospective cross-sectional PET-



MRI studies (EudraCT-Number: 2008-004174-40; ClinicalTrials.gov: NCT02305264,
NCT01651520, NCT02319382).

Image acquisitions

All subjects underwent a 3T-MRI exam including the following sequences: 3D T1-weighted
magnetization-prepared rapid gradient echo (3D-T1 MPRAGE), 2D turbo spin-echo T2-
weighted (T2-w), and/or T2 fluid attenuated inversion recovery (FLAIR). Sequence
parameters for the research protocols were: i) 3D-T1 MPRAGE: repetition time (TR)/echo
time (TE): 2300/2.98 ms, inversion time: 900 ms, resolution: 1.0x1.0x1.1mm?; ii) T2-w:
TR/TE: 4100/83 ms, resolution: 0.9x0.9x3.0mm?; iii) FLAIR: TR/TE 8880/129ms, resolution
:0.9x0.9x3.0mm?>,

8F_DPA-714 PET exams were performed on a 3D high-resolution research tomograph
(HRRT; CPS Innovations, Knoxville, TN) with a 31.2 cm transaxial and 25.5 cm axial field of
view. After a transmission scan using a “*’Cs point source, a 1-minute intravenous bolus
injection of *®F-DPA-714 initiated the 90-minute emission scan. Images were reconstructed
using the 3D ordinary Poisson ordered subset expectation maximization algorithm. An
additional smoothing filter implementing the point spread function was performed on the
reconstructed images to achieve an intra-slice spatial resolution of ~2.5mm full width at half
maximum. The resulting dynamic PET images consisted of: six 1min frames for the initial 6
minutes (6x1), followed by 7x2-, and 14x5-minute frames, with a voxel size of
1.22x1.22x1.22mm>,

Post-processing

In subjects with MS and pre-symptomatic MS, white matter (WM) lesions were contoured on
T2-weighted images with reference to FLAIR images wusing Jim (v6.0,
http://www.xinapse.com/). Binary lesion masks were aligned to 3D-T1 scans with FLIRT
(v5.0.9, http://fsl.fmrib.ox.ac.uk/),”> followed by lesion filling. FreeSurfer (v6.0,
http://surfer.nmr.mgh.harvard.edu/)'® was then used on the 3D-T1 to estimate total
intracranial volume (TIV) and to segment gray matter, WM and CSF, with manual corrections

when necessary.



The CPs of the lateral ventricles were manually segmented by trained neurologists on the
three planes of the 3D-T1 using ITK-SNAP (v3.8.0, http://www.itksnap.org/) (Figure 1A),"
and their volume was calculated. Ventricles, whole brain, cortex and WM were extracted as
additional regions of interest (ROIs) from T1-w scans using FreeSurfer.’® In patients with MS
and pre-symptomatic subjects, two other ROIs were selected: (i) T2-w lesions; (ii) normal-
appearing WM (NAWM), defined as the WM without T2-weighted lesions. VVolumes were
divided by TIV to obtain the corresponding normalized value.

From PET scans, reconstructed dynamic data were realigned for motion correction using SPM
(v8, https://www: fil.ion.ucl.ac.uk/spm/). In particular, the first PET frame was excluded as it
did not contain enough spatial information to be correctly aligned. Motion correction was
performed with a two-step procedure: all frames were first aligned to the second frame
through a rigid transformation, and were then registered to the mean of the frames obtained
after the first realignment. Voxel-wise '°F-DPA-714 distribution volume ratio (DVR)
parametric maps, reflecting parenchymal **F-DPA-714 uptake, were obtained using Logan
graphical method based on reference region.'® Cortical, WM (NAWM) and T2-w lesions
ROIs were then aligned to the corresponding DVR maps using FLIRT™ to extract mean DVR
values. Choroid plexus '®F-DPA-714 uptake was defined as the average standardized uptake
value (SUV) inside the CPs. The use of SUV instead of DVR at this level relies on the fact
that the assumptions for Logan graphical analysis were not respected in this case. SUV maps
of ®F-DPA-714 were calculated from the frames between 60 and 90 minutes of acquisition
(SUVeo.90) as the radioactivity concentration divided by injected dose per body mass. Mean
F_DPA-714 SUVg.q0 in the CPs was extracted for each subject by overlapping the CP masks
to the SUV maps, after performing CP partial volume correction with the single target
correction (STC) method in PETPVC (v1.2.0-b, https://github.com/UCL/PETPVC).**°

Post mortem analysis

CP post-mortem samples were obtained from the French National BrainBank Donation
Program NeuroCEB. Samples were obtained from 3 patients with MS with severe disease (2
males, 1 secondary progressive/2 primary progressive, age: 54+11 years, disease duration:
29+10 years) and 2 non-MS controls (2 males, 1 epilepsy and one HC, age: 63+10). Half of
the brain was fixed by immersion in 4% formaldehyde; formalin-fixed samples were

embedded in paraffin and cut at a 3um thickness. Selected sections were immunostained



using a Ventana BenchMark stainer (Roche™, Tucson, AZ, USA). Diaminobenzidine and
alkaline phosphatase were used as chromogens. Pretreatment and antibodies used for

immunostaining are in Table 1.
Statistical analysis

STATA (v14.0, https://www.stata.com/) and R (http://www.R-project.org/) were used,
considering two-sided p<.05 as significant.

The sample size estimated for showing a CP enlargement in RIS was calculated based on an
expected 25% increase (inferior to the 35% found in patients in our previous study)* in mean
CP volume compared with HC. Setting power=80%, alpha=0.05 and enrollment ratio 1:2, a
minimum of 20 pre-symptomatic MS subjects was necessary to detect a > 25% inter-group
difference in CP volume.

Wilcoxon-Mann-Whitney and Fisher’s tests were used as appropriate for age and sex
differences. Shapiro-Wilk normality test was performed to check the distribution of
volumetric data. Inter-group differences in CP, ventricular, brain parenchymal and total
intracranial volume were assessed through unpaired t-tests. Pearson's r was used for the
correlation between CP and ventricular volume in pre-symptomatic MS subjects.
Multivariable linear regression models adjusted for age and sex were used to test differences
in ventricular, whole brain parenchymal volume and TIV (dependent variables) between pre-
symptomatic MS and MS or HC (independent binary variables). The same models,
additionally adjusted for ventricular and whole brain parenchymal volume, were fitted to test
differences in TIV-normalized CP volume: i) between pre-symptomatic MS and MS or HC;
ii) within pre-symptomatic MS, between CSF-positive versus CSF-negative subjects, and
between converters to MS versus non-converters (additionally accounting for follow-up
length).

In the subgroup analysis on the PET cohort, differences in age, CP volume, mean **F-DPA-
714 DVR and CP BF-DPA-714 SUVgo.go between the pre-symptomatic case and MS or HC

were assessed through Crawford-Howell tests.
Data availability

Anonymized data are available upon reasonable request from any qualified investigator.






Results

CPs are larger in subjects with pre-symptomatic MS

The pre-symptomatic group (n=27) was not different from MS and HC in mean age (years,
pre-symptomatic MS: 42+11, MS: 42+12, HC: 42+14.4, p=0.72 and p=0.73, respectively) or
sex (women, pre-symptomatic MS: 17, MS: 49, HC: 28, p=0.20 and p=0.48, respectively).
Lumbar puncture was performed in 24 pre-symptomatic MS subjects, of which 11 had
positive CSF (either high IgG index or positive oligoclonal bands; 46%). Median follow-up
from the analyzed MRI scan was 30 (7-95) months. Conversion to MS occurred in five
subjects (18.5%).

When assessing volumetric differences between the pre-symptomatic MS cohort and either
MS or HC, mean CP volume was 32% higher in the pre-symptomatic MS group versus HC
(pre-symptomatic MS, mean normalized CP volume + standard deviation, SD: 14.9+5.2x10™,
HC, mean normalized CP volume + SD: 11.3+3.9x10™, p<0.001). On the contrary, there was
no difference in CP volume between pre-symptomatic MS and MS (MS, mean normalized CP
volume # SD: 15.9+4.5x10™, p=0.35) (Figure 1B). A significant difference between the pre-
symptomatic MS group and HC was also found in ventricular size (pre-symptomatic MS,
mean normalized ventricle volume + SD: 16.4+7.1x10°, HC, mean normalized ventricle
volume + SD: 12.9+4.7x1073, p=0.009), but not in TIV or brain parenchymal volume (Table
2). In the pre-symptomatic cohort, CP volume correlated with ventricular volume (r=0.55,
p=0.003), as already described for MS.* After adjusting for the ventricle size, CPs were still
larger in RIS than HC (R=0.38, regression coefficient=3.76x10™, 95% confidence interval
[C1]=1.54x10":5.98x10™, p=0.001). There was no statistical difference in the CP volume
adjusted for ventricle size between RIS and MS (p=0.69). In the pre-symptomatic MS cohort,
CP volume in subjects with a CSF-positive pattern (defined as either high IgG index or
positive oligoclonal bands, n=11) was similar (mean normalized CP volume + SD: 13.1 + 3.7
x 10™), compared to subjects with CSF-negative pattern (n=13, mean normalized CP volume
+ SD: 16.7 + 6.5 x 10™ p=0.20). Mean choroid plexus size did not significantly differ
between RIS subjects who converted to MS during follow-up (n=5, mean normalized CP
volume + SD: 16.1 + 3.8 x 10™) and those who did not convert (n=22, mean normalized CP
volume + SD: 14.7 + 5.5 x 10", p=0.74).



Higher CP DPA uptake in a single pre-symptomatic patient

The pre-symptomatic MS woman who underwent both MRI and PET had two WM
hyperintensities (periventricular and deep WM) on baseline MR, allowing to classify her as
pre-symptomatic MS. Eight months later, she experienced a first clinical event, together with
the appearance of a new gadolinium-positive lesion located in the left frontal white matter and
a new gadolinium negative lesion in the right juxta cortical white matter, leading to the
diagnosis of MS according to the McDonald criteria 2010. At baseline, she did not differ from
MS or HC for age (p=0.08, and p=0.1). Her CP volume was 77% larger than the mean volume
measured in HC (Figure 1C, case’s normalized CP volume: 20x10™, p=0.008), being greater
than the one measured in 98.4% of HC (95%CI1=9.16x10:0.04), and similar to the mean
volume of patients with MS (p=0.09) (Figure 1D). Looking at TSPO PET (Figure 2A), her
F_DPA-714 SUVgo.90 Within CPs was 33% higher than in HC (case’s CP SUVeg.0: 0.794,
mean CP SUVgo.90 = SD of HC: 0.596+0.13, p=0.04), being greater than the one measured in
92% of HC (95%CI1=6.35x10:0.17) (Figure 2B,D), but did not differ from the CP SUV¢o.q0
of the MS group (mean CP SUVgo.90 £ SD of MS: 0.887+0.22, p=0.17) (figure 2C,E). No
significant differences between the pre-symptomatic MS and HC were found for **F-DPA-
714 DVR in the cortex (case’s cortex DVR: 1.41, mean cortex DVR + SD of HC: 1.32+0.13,
p=0.13), in the WM (case’s WM DVR: 0.96, mean WM DVR + SD of HC: 0.89+0.08,
p=0.10) or in T2-w hyperintensities compared with HC’s WM (case’s DVR in T2-w
hyperintensities: 0.98, p=0.07).

TSPO is expressed by epithelial cells and CD163+ macrophages in the CPs of patients with
MS

In CPs of patients with an history of active MS and non-MS controls, a high TSPO expression
was found in epithelial cells. CPs of patients with MS also showed an excess of CD163+
macrophages compared with controls (Figure 3A-B). Double immunostaining identified a
TSPO+ pool which was also positive for the monocyte/macrophage-specific marker CD163 in
MS only (Figure 3C-F). No cells co-expressing TSPO with either the T-lymphocyte marker
CD3, the B-lymphocyte marker CD20, or the peripheral macrophage marker CD68 were
identified.
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Discussion

We investigated the imaging signature of choroid plexuses at the preclinical stage of MS
versus healthy controls through a combination of MRI and '®F-DPA-714 TSPO-PET. We
provide evidence that CPs are larger (32% increase) and have higher **F-DPA-714 uptake
(33% increase in the single patient included in the analysis) in pre-symptomatic subjects
compared with HC. CP histology from patients with MS and non-MS controls showed a
population of CD163+/TSPO+ macrophages, detected only in MS, which may contribute, at
least partly, to the difference in TSPO expression between the two conditions.

Beyond CSF production, CPs regulate immune cell trafficking between the blood and the
CNS, involving CP mononuclear phagocytes in this complex homeostasis.?>?! In MS, the
neuroinflammatory component is not currently detected by clinical MRI, but can be quantified
using PET with TSPO tracers such as *®F-DPA-714.% We recently described in vivo a higher
CP '®F-DPA-714 uptake in MS versus controls, this difference being particularly pronounced
in RRMS.* Here, we extend this finding by showing similar changes in the CPs of preclinical
MS, suggesting that a BCSFB deregulation could be among the earliest processes
characterizing MS pathophysiology. Of note, only CPs, but not the brain parenchyma, showed
increased '®F-DPA-714 binding in the pre-symptomatic patient, mimicking the sequence of
events characterizing EAE, in which inflammation within CPs precedes the parenchymal
infiltrate and demyelination.® Neuropathology has described an increased density of antigen
presenting cells, leukocyte infiltration and overexpression of proinflammatory adhesion
molecules in MS CPs.?*** In the post mortem analysis of CPs from patients with a previous
severe course of the disease and from controls, we observed, as expected, that TSPO was
expressed by epithelial and vascular cells in all subjects,” but an additional expression by
CD163+ macrophages selectively characterized MS, this difference potentially explaining
their higher '®F-DPA-714 uptake. Interestingly, this TSPO expression was restricted to
CD163+ cells, and was not detected on CD3+ or CD20+ lymphocytes, nor on CD68+
monocytes, suggesting a selective increase in perivascular CPs macrophages involved in
antigen presentation in MS.?>?® Unfortunately, lacking pathological samples, it was not
possible to explore whether similar alterations also occur at the earliest MS stages, and a more
heterogeneous TSPO expression by distinct subsets of monocytes in this phase cannot be

excluded. In the case reported here, a first relapse occurred few months after the PET
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evidence of inflamed CPs, and future studies applying TSPO-PET at the preclinical stage will
be of outstanding interest to decipher whether the inflammatory status of CPs could be
predictive of conversion towards defined MS.

We previously demonstrated correlation between *F-DPA-714 uptake in the CPs and their
increased volume on MRI in RRMS,* arguing for the possibility to use CP enlargement as a
proxy of CP inflammation. A recent study has further reinforced the relationship between CP
enlargement, their inflammatory status, and parenchymal inflammation.® Taken together,
these results attest that CP volumetric analysis could represent a promising in-vivo biomarker
of MS neuroinflammation.” In accordance with this hypothesis, CP enlargement in pre-
symptomatic MS confirms that this imaging signature is an early phenomenon along the
disease course. Whether CP imaging modifications are stable or fluctuate with the
inflammatory phases of the disease remains to be addressed. Focusing on RIS may offer
complementary assets to: i) disentangle the temporal, and possibly causal, relationship
between CP alterations and symptom onset; ii) follow the natural history of CP modifications
without the bias of treatment, and estimate the potential impact of disease-modifying
therapies, once these are introduced at the defined MS stage; iii) characterize the involvement
of CPs in the physiopathology of lesion formation and fate, investigating the initial
inflammatory infiltration into the CNS, the BCSFB disruption and the relationship with CSF
inflammatory markers.

Another important question to be addressed is to what extent CP volumetric and inflammatory
alterations are specific for MS with respect to other acute or chronic inflammatory/infectious
disorders of the CNS. This goes beyond the scopes of the present study, but very recent
findings suggest that CP enlargement is detected in MS in contrast to optic neuromyelitis,?’
pointing at a possible specificity of choroid plexus modifications in relation to the respective

pathogenesis.

Given the low cost and higher accessibility of MRI,?® CP volumetric analysis could become
an easy technique to assess this imaging signature on a larger scale. To this aim, the

29-30 and

development of artificial intelligence-based methods for automatic CP segmentation,
the integration of additional MRI sequences for perfusion,® could allow a time- and cost-

sparing evaluation of CP modifications, compared with PET.
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This study has potential limitations. The RIS group was collected in a clinical setting,
producing heterogeneity of MRI scanners and parameter acquisitions. Nonetheless, the ability
to identify CP volume differences even in the real-world prompts for the possible application
of this metric outside of standard research protocols. Additionally, the pre-symptomatic
cohort, despite being large enough to detect inter-group differences, was relatively small. This
may have affected the absence of detectable CP volume differences between CSF-positive
and -negative subjects, or converters to MS versus non-converters, given the low proportion
of people who developed MS over time.'® Therefore, studies on larger populations and longer
follow-up periods are necessary to better define the impact of CP modifications on disease
conversion. Another limitation concerns the post-mortem data presented here. The similar *°F-
DPA-714 PET changes found in the CPs of the pre-symptomatic subject and of patients with
more advanced MS may suggest that they had an identical underlying pathological substrate,
but we lacked a direct post-mortem analysis of CPs at the RIS stage to formally demonstrate
this. Of note, however, among early, newly diagnosed subjects with MS, an involvement of a
CD163 positive macrophage/microglial population was described, ** echoing what found in
more advanced stages,*® supporting the hypothesis of an early contribution of this macrophage
population at the RIS stage.

To note, our histology data show that epithelial cells are a major source of TSPO expression
in the CPs and we have not quantified the relative contribution of epithelial and macrophage
cells to TSPO overexpression in MS CPs versus non-MS controls. Therefore, it is possible
that, beyond CD163+/TSPO+ macrophages, an expanded TSPO positive epithelial
compartment in MS contributes to the higher *®F-DPA-714 uptake in MS. Lastly, regarding
the PET part of the study, we highlight that the comparison in terms of '*F-DPA-714 uptake
was made between only one pre-symptomatic patient (n=1) and a group of patients with MS
(n=22) or HC (n=19); hence, this data needs further confirmation on a PET cohort of pre-

symptomatic subjects.

In conclusion, by identifying an imaging signature in choroid plexuses already in pre-
symptomatic MS, our work supports their role from the early phases of disease development,
and encourages further investigations on the involvement of CP immune infiltration and

BCSFB dysfunction in disease onset.
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Primary

Target (abbreviated Target (full name) Type Of primary Laboratory antibody Buffer Dilution Time of
name) antibody exposure
reference
Acute phase-regulated
CD163 transmembrane protein on Monoclonal (mouse) | Cell Marque® MRQ-26 CC1® 1:50 32 min
monocytes
CD20 Transmembf:%pg:ﬁi'” expressed | \1onoclonal (mouse) Dako® L26 CC1® 1:100 32 min
Ventana® cCl®
CDs3 Epsilon chain of the human CD3 Monoclonal (rabbit) 2GV6 30 min at prediluted 32 min
95°C
CD68 Lysosomal fraction of human | 40001 0nal (mouse) Dako® KP1 CC1® 1:100 20 min
macrophages
TSPO/PBR Synthetic peptide peripheral type Monoclonal (rabbit) Abcam® EPR5384 CCi® 1:10 000 36 min

benzodiazepine receptor

Table 1. List of primary antibodies used for immunostaining. CC1 = high pH (=8) Cell Conditioning Buffer 1, supplied by Ventana Medical.
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Volume

Pre-symptomatic MS

MS

HC

Pre-symptomatic MS

Pre-symptomatic MS

versus MS versus HC
TIV 15.3+1.9x10° 14.9+1.5x10° 14.7+1.6x10° p=0.27 p=0.21
Brain parenchyma 0.7+0.07 0.6+0.04 0.7+0.08 p<0.001 p=0.11
Ventricles 16.4+7.1x10°3 20.448.2x10°° 12.9+4.7x10°° p=0.03 p=0.009
Choroid plexus 14.945.2x10™ 15.9+4.5x10 11.3+3.9x10™ p=0.35 p<0.001

Table 2. Comparison of volumes of different brain regions between pre-symptomatic MS, MS and HC. VVolumes were normalized on total

intracranial volume (except for the first row) and expressed as mean + standard deviation. Mean comparison between groups was performed

using unpaired t-tests after normality test (Shapiro-Wilk). TIV = total intracranial volume. p = p-value from the t-test.
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Figure 1. Enlarged CPs in pre-symptomatic MS. A. Unenhanced 3DT1-weighted
MPRAGE images showing show segmentation of left and right CP (outlined in red) in axial
(top) and coronal (bottom) planes in a pre-symptomatic MS subject. B. Box plots showing
significantly higher CP volume in the whole pre-symptomatic MS group versus HC, and no
difference compared with MS. CP volume was normalized according to total intracranial
volume (TIV). To note, the dot corresponding to the volume of the pre-symptomatic case
further examined in the PET part of this study is colored in red. Box represents interquartile
range and median, whereas whiskers represent minimum and maximum values in data. The p-
value corresponds to that of the multivariable linear regression model. C-D. Graphical
illustration of the distribution of normalized CP volume in HC versus the single pre-
symptomatic woman (C), and in MS versus the single pre-symptomatic woman (D) from the
Crawford-Howell test. Note that the presence of a distribution for a single case value is based

on the assumptions of the test performed and depends on the statistics of the reference cohort.
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HC = healthy controls; MS = multiple sclerosis; CP = choroid plexus; TIV = total intracranial

volume; p = p-value.
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Figure 2. Higher ®F-DPA-714 uptake in the CPs of pre-symptomatic MS. A. Axial *®F-
DPA-714 SUVgo.90 map registered onto the 3DT1-weighted MPRAGE image of the pre-
symptomatic MS case, with the corresponding color bar (left), and magnification on the CP of
the right lateral ventricle (right). B-C. Examples of axial '®F-DPA-714 SUVgp.90 Maps
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registered onto the 3DT1-weighted MPRAGE images from two controls (B) and two patients
with RRMS (C). D-E. Graphical illustration of the distribution of CP *F-DPA-714 SUVeo.90
in HC versus the pre-symptomatic woman (D), and in MS versus the pre-symptomatic woman
(E) from the Crawford-Howell test. The presence of a distribution for a single case value is
based on the assumptions of the test performed and depends on the statistics of the reference
cohort. HC = healthy controls; MS = multiple sclerosis; CP= choroid plexus; TIV = total
intracranial volume; SUVgo.9o = standardized uptake value between 60 and 90 minutes of

acquisition; p = p-value.
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Figure 3. TSPO+/CD163+ macrophages are found in MS CPs. A-B. Excess of CD163+

macrophages (Mouse monoclonal antibody, Cell Marque®; brown, arrows) in a PPMS case (A)

compared to a healthy control (B). C-F. TSPO (monoclonal rabbit antibody, Abcam®; brown)
is highly expressed in epithelial cells (arrows) of choroid plexuses in both MS (C: PPMS, and
E: SPMS) and controls (D: HC, F: epilepsy control). CD163+ (red), TSPO+ (brown)
perivascular macrophages (arrowheads) are found in MS (C, E), but not in controls (D, F).
Scale bars =40 um (A, B), 20 um (C-F).
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